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CRITIQUE  OF  ACCELERATOR  TECHNIQUES 


ABSTRACT 


The  requirements  for  accelerator  techniques  are  reviewed  from  the 
standpoint  of  their  supporting  role  in  the  field  of  high  velocity  impact. 
The  areas  of  interest  to  high  velocity  impact  are  noted  and  their 
various  demands  on  accelerators  are  discussed.  The  performance 
of  the  accelerators  now  in  use  are  critically  evaluated  in  terms  of 
their  ability  to  meet  these  demands.  Future  expectations  are  summa¬ 
rized  briefly. 
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INTRODUCTION 


Techniques  for  the  acceleration  of  projectiles  to  high  velocity  play 
a.n  important  part  in  advancing  our  knowledge  of  high  velocity  impact. 
Since  this  field  of  science  is  still  largely  empirical  and  a  fully  com¬ 
prehensive  theory  has  yet  to  be  developed,  the  limits  of  the  experi¬ 
ments  mark  out  the  boundaries  of  our  understanding.  These  limits 
are  determined  in  part  by  the  performance  of  the  accelerators. 

Despite  their  importance,  accelerators  play  a  supporting  role  and 
represent  a  means  for  accomplishing  the  ends  of  the  experiments. 

It  is  important  tv  relate  closely  the  requirements  of  the  accelerators 
to  the  needs  of  the  experiments. 

The  purpose  of  this  paper  is  to  review  the  performance  of  acceler¬ 
ators  from  the  standpoint  of  the  demands  placed  upon  them  to  support 
the  experiments  and  applications  in  the  field  of  high  velocity  impact. 

The  areas  of  primary  interest  will  be  defined;  the  requirements  for 

accelerator  performance  will  be  listed;  the  performance  of  existing 
accelerators  will  be  criticized;  the  gap  between  the  performance  of 
existing  accelerators  and  that  desired  to  meet  the  needs  of  the  field 

will  be  discussed. 
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At  this  point,  I  wish  to  acknowledge  the  substantial  assistance  of 
my  colleagues,  Dr.  C,  J.  Maiden,  Mr,  J.  W,  Gehring,  and  Mr. 

R.  L.  Warnica.  It  is  appropriate  to  note  that  a  critique  inevitably 
involves  subjective  opinions  to  a  certain  extent,  and  for  f>-  I 
assume  full  responsibility.  It  is  hoped  that  differences  from  the 
views  of  others  will  serve  as  a  grindstone  for  sharpening  our 
common  understanding. 
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AREAS  OF  PRIMARY  INTEREST 


The  areas  of  primary  interest  to  this  audience  are;  (1)  the  physics 
of  impact,  ( Z )  the  applications  of  impact  to  military  weapons  systems, 
and  (3)  the  meteoroid  hazard  space  flight. 

Physics  of  Impact 

The  physics  of  impact  is  concerned  with  the  dynamics  of  impact  such 
as  projectile  fragmentation,  cratering,  spalling,  etc.  It  involves 
studies  of  the.  properties  of  materials  at  high  stress  and  strain  raters, 
of  energy  transformations  and  changes  in  slate,  and  of  other  basic 
physical  processes. 

Military  Applications 

Impact  has  been  used  as  a  "kill  mechanism"  in  warfare  from  man's 

earliest  beginnings.  The  advent  of  high  velocity  impact  in  warfare 
began  with  the  introduction  of  the  shaped  charge^ \  Recently  a  new 
facet  to  the  high  velocity  application  has  been  added  with  the  attack  on 
missiles  and  satellites. 
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In  discussing  the  requirements  ol  accelerators  for  this  area,  it  is 
convenient  to  classify  the  impact  situation  as  active  or  passive.  In 
the  active  situation,  a  high  velocity  projectile  is  hurled  at  a  slow 
moving  or  stationary  target;  in  the  passive  situation,  a  slow  moving 
projectile  is  placed  in  the  path  of  a  rapidly  moving  target. 

It  is  important  to  note  that  certain  military  applications  extend  the 
role  of  impact  from  that  of  a  kill  mechanism  to  that  of  a  reconnaissance 
device.  The  consequences  of  the  impact  provide  information  on  the 
nature  of  the  target. 

Meteoroid  Hazard  to  Spacecraft 

The  latest  area  of  interest  to  the  field  of  high  velocity  impact  is  the 

( 2) 

meteoroid  hazard  to  spacecraft  .  The  regions  of  space  in  the  solar 
system  near  the  plane  of  the  ecliptic:  are  populated  with  meteoroids  - 
postulated  to  be  the  fragmentary  debris  of  comets  and  planets.  They 
move  at  very  high  velocities,  and  are  sufficiently  numerous  so  that 

the  possibility  of  being  struck  by  one  is  a  serious  hazard  to  spacecraft. 
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Our  knowledge  of  meteoroids  is  limited  but  the  evidence  at  hand 
suggests  the  following.  In  general,  their  composition  is  believed  to 
range  from  a  porous,  pumice-like  substance  of  meteoroids  having  a 
cometary  origin  to  stone  and  iron  for  those  meteoroids  of  planetary 
origin.  They  are  probably  irregular  fragments  for  the  most  part. 
Their  velocities  range'from  roughly  10  to  80  km/sec.  Their  sizes 
range  from  elementary  particles  such  as  protons  on  the  small  side 
to  asteroids  with  diameters  of  several  kilometers  on  the  large. 

Fortunately  for  space  flight,  the  meteoroid  population  is  very  sparce 
and  the  largest  meteoroids  are  the  rarest.  Their  numbers  are 
roughly  inversely  proportional  to  their  masses,  the  relation  being 
according  to  Whipple  (1957) 

,  1.3xl0‘12 

=  * - 

m 

(1) 


where  ^  is  the  flux  per  meter  -sec  of  particles  above  mass  m 
in  grams. 
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The  meteoroid  hazard  is  twofold.  First,  exposed  surfaces  -  windows, 
thermal  control  surfaces,  etc.  -*  can  be  eroded  by  the  small  meteor¬ 
oids  and  even  by  elementary  particles  (protons).  Second,  the  hull  of 
the  spacecraft  can  be  penetrated  and  components  such  as  power  plai 
radiators  can  be  destructively  damaged  by  meteoroids  of  sufficient 
size,  ^he  spacecraft  must  be  protected  against  the  largest  meteoroid 
is  is  likely  to  encounter,  taking  into  account  the  size  of  the  spacecraft, 
the  length  of  the  journey,  and  the  allowable  risk.  Three  representa¬ 
tive  cases  are  summarized  in  the  following  table. 


MISSION 

DURATION 

days 

PROBABILITY 

OF  NO 

DESTRUCTIVE 

DAMAGE 

percent 

W 

A 

3  „ 

Pm  "T 

ri  U> 

a  ^  * 

auk 

§51. 

0 
j  o 

H  h  jg  6 

2  u  g 

CRITICAL 

METEOROID 

DIAMETER 

(Stone) 

mm 

MOON 

14 

0.999 

25 

0.  04 

3 

VENUS 

320 

0.999 

25 

0.9 

.  .  ..  J 

9 

MARS 

500 

0.999 

25 

1.4 

10 

The  results  of  this  table  show  that  meteoroids  weighing  as  much  as  one 


gram  constitute  a  hazard  to  space  flight. 
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An  accelerator  is  required  to  deliver  a  projectile  of  given  mass  at  a 
specified  velocity.  The  projectile  may  have  certain  requirements  of 
shape,  construction,  and  material.  In  addition,  the  accelerator 
design  may  be  restricted  by  the  conditions  of  its  use. 

Projectile  Velocity  and  Mass 

The  velocities  required  by  the  physics  of  impact  stretch  from  a  few 
meters  per  second  for  impact  in  liquids  to  nearly  100  kilometers  per 
second  for  the  "natural"  velocities  of  bodies  in  the  solar  system. 
Actually,  the  physics  of  impact  is  too  broad  a  subject  to  set  well 
defined  limits  on  accelerator  requirements. 

A  better  definition  of  requirements  is  given  by  the  application  to 
warfare  and  the  meteoroid  hazard  to  spacecraft.  The  masses, 
velocities,  densities,  and  shapes  involved  in  these  areas  of  interest 

are  indicated  in  Figure  1.  There  is  no  attempt  in  this  Figure  to 
delineate  the  boundaries  in  precise  detail;  rather,  the  purpose  here 
is  to  cet  forth  the  broad  limits  of  masses,  velocities,  and  projectile 
characteristics. 
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PROJS  &  FRAGS 
3-19  g/cc;  0. 1-10 i/d 


VELOCITY,  KM/SEC 

Figure  1  Requirements  of  Mass,  Velocity,  Density  and  llhap 
fc'r  Projectiles  for  Military  and  Space  Missions 
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The  results  of  this  figure  show  that  the  masses  and  velocities  divide 
rather  naturally  into  three  regions.  The  region  labeled  Armor 
relates  to  the  attack  on  a  relatively  slowly  moving  target  as  typified 
by  an  armored  tank  or  warship.  All  impact  in  this  region  belongs  to 
the  active  situation.  Doth  armor -piercing  projectiles  and  HE  shell 
fragments  are  included.  The  jets  from  shaped  charges  are  also 
included  in  the  Armor  category.  The  masses  and  velocities  of  shaped 
charge  jets  overlap  those  in  the  Missiles  region  but  this  sub- region 
has  been  left  unmarked  for  the  purpose  of  clarity. 

tn  the  Missiles  region,  the  military  mission  is  the  use  of  impact  as 
a  countermeasure  against  IRBMs,  ICBMs,  and  satellites.  The 
requirement  for  projectiles  in  this  region  involves  both  active  and 
passive  attack  situations.  In  the  attack  situation,  the  important  pro¬ 
jectiles  are  jets  and  pellets  fired  by  explosive  accelerators.  In  the 
passive  situation,  the  projectiles  are  placed  in  the  path  of  the  missile 
and  depend  primarily  on  the  velocity  of  the  missile  for  their  impact 
action.  The  means  of  their  delivery  and  distribution  can  be  con¬ 
trolled  so  that  wide  variations  in  projectile  design  are  possible  and 
the  projectile  can  be  tailored  to  a  certain  extent  to  produce  the  effects 
desired  in  the  particular  engagement  anticipated. 
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The  projectiles  of  the  Spacecraft  region  are  the  meteoroids.  Their 
properties  have  been  described  earlier.  These  projectiles  are  the 
product  of  “nature"  rather  than  "man".  The  requirement  insofar  as 
the  accelerator  is  concerned  is  to  launch  projectiles  similar  in  com¬ 
position  and  velocity  to  meteoroids. 

Projectile  Density  and  Shape 

Before  giving  a  critique  of  accelerators,  it  is  important  to  define 
the  extent  to  which  the  shape  of  the  projectile,  its  density,  and  other 
details  of  its  construction  determine  the  consequences  of  impact  as 
welt  as  the  primary  variables  of  mass  and  velocity.  The  projectile's 
configuration  may  well  be  a  controlling  factor  in  the  selection  of  an 
accelerator. 

There  is  common  agreement  that  projectile  properties  are  important 

in  the  Armor  region.  For  example,  experiments  at  the  Ames 

Research  Center  show  that  at  velocities  of  2  km/ sec  both  density  and 

shape  play  a  significant  role  in  the  impact  of  semi -infinite,  ductile 

(3) 

metal  targets  .  The  effects  of  density  can  be  seen  from  the  Ames 

formula  fur  spheres, 
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Depth  of  penetration 
Crater  volume 
Projectile  density 
Target  density 
Projectile  mass 
Impact  velocity 

Bar  speed  of  sound  in  target  material 
5.  10  km/sec  in  aluminum) 


The  Ames  data  show  that  penetration  varies  with  the  cube  root  of 
density  and  that  volume  with  the  square  root  of  density  for  spheres 

of  constant  mass  at  velocities  in  the  neighborhood  of  Z  km/ sec.  In 
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other  experiments  at  Ames,  it  was  shown  that  vai-ying  the  shape  from 
a  sphere  to  a  rod  increased  both  the  depth  of  penetration  and  the 
crater  volume. 

The  question  here  is  whether  density  and  shape  are  also  important 
for  the  high  velocity  regions  of  missiles  and  spacecraft.  Indirect 
evidence  suggests  that  the  importance  of  these  variatles  diminishes 
with  velocity,  and  some  investigators  have  expressed  the  opinion  that 
projectile  density  and  shape  have  no  influence  on  cratering  at  veloci- 
ti  e  s  g  r  e  ate  v  than  6  k  rn  /sec.  How  ever,  in  my  opi  n  i  nn ,  th  o  n  vi  d  n  n  r  n 
at  hand  was  insufficient  for  a  firm  conclusion. 

Recently,  we  have  carried  out  an  experiment  at  the  CM  Defense 
(4) 

Research  Laboratories  to  determine  the  effect  of  density  and 
shape  on  craLering  in  semi-infinite  ductile  metal  targets  at  a  velocity 
of  6.  5  km/ sec.  I  will  digress  for  a  moment  to  describe  the  experi¬ 
ment  and  present  the  results. 

The  experiment  consisted  of  firing  projectiles  of  constant  mass  into 
semi-infinite  targets  of  soft  aluminum  at  a  velocity  of  6.5  km/sec. 

The  plan  of  the  experiment  is  shown  in  Figure  2. 
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;ure  2  Plan  of  Experiment  with  Projectiles  having  Constant  Mass 
of  0,  32  gm  and  Varying  Shape  and  Density 


CRITIQUE  OF  ACCELERATOR  TECHNIQUES 
The  basic  projectile  is  an  0.  32  gm  aluminum  sphere.  In  the  first 

experiment,  the  density  of  the  sphere  was  varied  by  changing  the 

material  from  zelux  M  to  steel  and  adjusting  the  diameter  to  keep 

the  mass  constant.  In  the  second  experiment,  the  shape  was  varied 

by  changing  the  projectile  from  a  disc  to  a  rod,  making  both  from 

aluminum  and  keeping  the  mass  constant.  The  targets  were  massive 

blocks  of  soft  aluminum  (1100F).  All  their  dimensions  were  large 

compared  to  those  of  the  craters  so  that  their  size  was  effectively 

semi  -infinite . 

The  experiment  was  carried  out  in  Range  "C"  of  GM's  Flight  Physics 
Laboratory  (see  Figure  3k  The  apparatus  consists  of  a  20  mm 
accelerated- reservoir  iight-gas  gun,  blast  tanks,  a  flight  test  cham¬ 
ber,  and  an  impact  chamber.  All  projectiles  were  fired  with  seg¬ 
mented  sabots,  the  segments  of  which  separated  on  leaving  the  gun 
and  were  caught  in  the  blast  tank.  The  flight  test  chamber  is  equipped 
with  two  spark  photography  stations  and  cycle- counter  chronographs, 
and  their  records  gave  the  velocity  and  orientation  of  the  projectile. 
The  target  was  placed  in  the  impact  chamber  with  its  face  perpendic¬ 
ular  to  the  flight  direction.  On  the  disc  shot,  a  B4tW  framing  camera 
movie  was  taken  of  the  disc  striking  the  target  in  order  to  record  its 
orientation  at  impact. 
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Impact  Range 
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The  cross  sections  of  representative  targets  are  shown  in  Figure  1 
(arranged  in  the  format  of  Figure  2).  Silhouettes  of  the  projectiles 
are  superimposed  on  the  photographs  and  all  arc  reproduced  in 
correct  relative  scale.  It  is  clear  that  the  crater  dimensions  vary 
with  both  density  and  shape. 

The  effect  of  density  on  penetration  and  volume  is  shown  in  Figure 
5.  Both  quantities  are  seen  to  change  significantly  with  variation  in 
density.  The  variation  in  both  penetration  and  volume  may  he  given 
hy  a  power  law  with  tin:  exponent  fo  r  penetration  being  U.  22  and  for 
volume  0 ,  16.  These  results  suggest  formulae  for  penetration  and 
volume  at  6.6  kin/see  that  are  similar  to  the  Ames  formulae  for 
impact  at  2  km/ see,  namely 


10 


CP  IT  IQ  UK  OF  AC  CF  LKRAT  OK  I  FCHNiQU Lb 


P_ 
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Figure  4  Cross-sections  of  Craters  from  Impact  Tests  in  Semi-infinite 
Aluminum  (1100F)  Targets  with  Projectiles  of  Constant  Mass 
(0.  32  gm)  and  Varying  Shape  and  Density  at  Velocity  of 
6,  5  km  /  sec 
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Figure  5  Effect  of  Projectile  Density  on  Depth  of  Penetration  and  Crater 
Volume.  Projectile:  mass  -  0.  32  gm,  shape  =  sphere; 

Target:  semi-infinite  Aluminum  (1100F);  Velocity  =6.5  km/ sec 
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These  results  demonstrate  that  the  depth  of  penetration  and  the 
volume  of  the  crater  do  vary  significantly  with  the  density  of  the  pro¬ 
jectile  at  a  velocity  of  6.  5  km/ sec. 

It  is  also  correct  that  the  variation  at  6,  5  km/ sec  is  not  as  great  as 
that  at  2  km /sec.  Comparison  with  the  Ames  results  shows  that  the 
exponent  of  the  power  law  has  decreased  from  0.  33  to  0,  24  for  pene¬ 
tration  and  from  0.  50  to  0.16  for  volume  with  increases  in  velocity 
from  Z  to  6.5  km/scc.  Nevertheless,  density  is  still  a  significant 
variable  at  6.5  km/sec.  For  example,  these  results  predict  that  the 
penetration  of  a  tungsten  sphere  will  be  nearly  twice  that  of  a  plastic 
sphere  having  the  same  mass. 

The  effects  of  the  projectile  shape  on  penetration  and  volume  are 
shown  in  Figure  6.  Both  the  penetration  and  volume  are  seen  to 
increase  significantly  with  increase  in  fineness  ratio.  The  penetra¬ 
tion  of  the  rod  (fineness  ratio  4  to  1)  is  nearly  double  that  of  the  disc 

(fineness  ratio  1  to  6).  These  results  demonstrate  that  the  shape  of 
the  projectile  is  also  an  important  variable  in  impact  at  6.  5  km/sec. 
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Figure  6  Effect  of  Projectile  Shape  on  Depth  of  Penetration  and  Crater 
Volume.  Projectile:  Aluminum  (£017),  mass  =  0.  32  gm; 

Target:  semi-infinite  Aluminum  (1100F);  Velocity  =  6.  5  km/ sec 
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In  my  opinion,  the  results  of  these  experiments  show  conclusively 
that  the  configuration  of  the  projectile  must  be  taken  into  account  as 
well  as  its  mass  and  velocity  for  all  military  missions.  To  illustrate 
this  point,  consider  the  problem  facing  the  designer  of  an  ICBM  who 
must  take  steps  to  protect  its  warhead  from  an  impact  kill.  He 
plans  to  use  a  massive  metallic  ihield.  His  reconnaissance  tells 
him  that  the  enemy  expects  to  use  tungsten  rods;  he  also  knows  the 
mass  and  fineness  ratio  of  the  rods.  He  has  available  to  him  the 
results  of  impact  teals  of  aluminum  discs  on  metallic  shield  struc¬ 
tures.  Assuming  that  the  effects  of  density  and  shape  are  unimportant, 
he  designs  the  thickness  of  his  shield  to  prevent  penetration  on  the 
basis  of  these  teats  by  using  the  penetration  of  aluminum  discs 
having  the  same  mass  as  that  known  for  the  enemy's  tungsten  rods. 

He  will  be  sadly  misled.  The  penetration  of  tungsten  rods  will 
actually  be  several  times  that  of  aluminum  discs  having  the  same 
mass.  If  the  fineness  ratio  of  the  rod  is  10  to  1  and  of  the  disc  is 
1  to  6,  the  shield  thickness  required  to  prevent  penetration  of  the 
tungsten  rod  must  be  nearly  three  times  greater  than  that  needed  to 
stop  the  same  weight  aluminum  disc. 
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The  importance  of  the  projectile's  shape  and  density  to  military 

missions  is  based  on  the  impact  in  semi-infinite  targets.  On  the 

other  hand,  the  projectile's  configuration  is  equally  important  for 

impact  in  multiple,  thin- sheet  targets.  Evidence  to  this  effect  will 

(5) 

be  given  in  a  subsequent  paper  at  this  symposium 

Are  density  and  shape  effects  still  important  at  the  velocities  of  10 
to  80  km /sec  involved  in  the  meteoroid  hazard  to  spacecraft?  Com¬ 
parison  of  results  at  6,  with  those  at  2,  km/sec  certainly  suggests 
that  the  effect  of  the  projectile's  configuration  will  be  less  in  the 
Spacecraft  region,  but  how  much  less  is  a  moot  point.  In  view  of  our 
limited  knowledge  of  meteoroids,  it  is  rny  opinion  that  engineering 
estimates  of  meteoroid  impact  can  be  made  satisfactorily  on  the 
basis  of  mass  and  velocity  alone.  Nevertheless,  the  real  answer  to 
this  question  depends  on  precise  experimental  data  obtained  at  the 
velocities  in  question. 

Environmental  Restrictions  on  Accelerator  Design 

The  third  requirement  for  accelerators  is  the  restriction  that  the 

environment  places  on  their  use.  For  use  as  a  weapon,  weight:  is 


CRITIQUE  OF  ACCELERATOR  TECHNIQUES 


usually  at  a  premium  and  accuracy  of  tire  and  precision  of  timing 
may  be  critical.  On  the  other  hand,  if  the  accelerator  is  to  be  used 
as  a  laboratory  launcher,  weight  is  usually  not  a  large  factor,  and 
accuracy  of  aim  and  precision  of  timing,  while  important,  are  often 
not  critical.  The  significance  of  these  will  appear  in  the  following 
section. 
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Military  Mission:  Armor  Region 

The  requirements  of  mass  and  velocity  for  the  Armor  Region  alone 
are  shown  in  Figure  7  (including  shaped  charge  jets).  The  limits 
marked  by  the  solid  lines  reflect  not  only  the  requirements  based  on 
target-kill  but  also  the  current  performance  of  guns  and  HE  shells, 
a  consequence  of  the  existing  balance  between  offense  and  defense. 
Many  improvements  are  needed  for  the  accelerators  of  this  region, 
but  only  two  need  concern  this  symposium. 

The  first  is  the  traveling  charge  gun:  This  accelerator  combines 

the  advantages  of  a  gun  and  a  rocket.  Although  it  holds  forth  the 
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Figure  7  Accelerator  Requirements  for  Arnvr  Region  nj  Military  Missions 
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promise  of  increasing  the  velocities  of  guns  by  improving  their 
ballistic  efficiency,  proper  functioning  of  the  charge  requires  a 
burning  rate  orders  of  magnitude  greater  than  that  of  ordinary 
nitrocellulose  propellants^^.  A  suitable  propellant  has  not  yet 
been  developed. 

I  refer  to  the  traveling  charge  gun  as  the  psychotic  weapon.  It  has 
been  analyzed  at  great  length  but  the  technical  detail  of  inventing  a 
fast-burning  propellant  has  remained  the  stumbling  block,  If  the 
traveling  charge  can  be  gotten  out.  of  analysis  and  into  the  cannon, 
something  may  come  of  it  yet. 

'The  second  is  spin  compensation  for  shaped  charge  jets.  Good 
progress  has  been  made  in  developing  methods  of  spin  compensation 
for  low  spin  rates,  but  compensation  for  high  spin  rates  still  remains 
a  problem,  Spin  stabilized  shells  have  advantages  in  accuracy  of 

fire  and  simplicity  of  construction,  and  a  method  of  spin  compensa¬ 
tion  permitting  a  marriage  of  the  shaped  charge  with  ordinary 
artillery  shell  would  represent  a  significant  advance. 
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Military  Mission:  Missile  Region 

The  use  of  impact  in  the  Missile  and  Satellite  Region  of  the  military 
mission  is  a  subject  of  more  immediate  concern  to  this  symposium. 
The  approach  to  the  requirements  of  this  Region  is  diagramed  in 
Figure  8.  I  will  consider  four  situations  distinguished  by,  first,  the 
attack  being  either  active  or  passive  and,  second,  the  accelerator 
being  used  as  a  weapon  or  for  experiment  and  test  in  the  laboratory, 
and  will  limit  my  critique  to  making  a  ’’best  choice"  of  accelerator 
for  each  of  the  four  situations. 

Consider,  first,  the  active  attack  with  the  accelerator  used  as  a 
weapon.  Here,  an  explosive  with  a  pellet  or  jet  is  a  "best  choice". 

An  explosive  gives  the  maximum  ratio  of  projectile  to  accelerator 
weight.  It  can  also  fire  a  projectile  on  a  precise  timing  signal  and 
with  reasonable  accuracy. 

Consider,  second,  the  active  attack  with  the  accelerator  used  for 
experiment  and  test.  Here  again,  the  explosive  with  a  pellet  or  jet 
is  a  "best  choice".  By  testing  the  same  explosive-pellet  combination 

used  in  the  AM  missile  warhead,  one  duplicates  the  actual  attack 
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Figure  8  Accelerator  Requirements  for  Missile  Region  of  Military  Missions 


CRITIQUE  OF  ACCELERATOR  TECHNIQUES 


situation  in  his  laboratory  expo rin. out  -  a  highly  desirable  objective. 
The  velocity  may  be  lower  in  a  static  test  than  in  an  engagement,  and 
how  to  make  this  up  is  one  of  the  problems.  Incidentally,  it  should 
be  noted  that  a  light-gas  gun  can  be  used  as  an  alternate  choice  if 
test  conditions  preclude  the  use  of  explosives. 

Consider,  third,  the  passive  attack  with  the  accelerator  used  as  a 
weapon.  Here  the  "best  choice"  is  a  projectile,  or  rather,  a  group 
of  projectiles  dispersed  from  the  warhead  of  an  AM  missile.  This 
system  lakes  advantage  of  I  he  velocity  of  the  ICBM  and  the  high¬ 
speed  missile,  since  the  energy  of  the  impact  is  supplied  by  the 
velocities  :>f  the  missiles.  Great  subtlety  and  sophistication  can  be 
designed  into  the  construction  of  the  projectile  so  that  it  can  be 
tailored  to  provide  the  most  effective  kill  mechanism  for  the  particulu 
mission  in  question. 

Consider,  fourth,  the  passive  attack  with  the  accelerator  used  for 
experiment  and  test.  Here  the  "best  choice"  is  a  light-gas  gun. 
Experience  indicates  that  this  is  the  only  accelerator  capable  of 
firing  projectiles  with  the  complex  shape  and  construction  involved 
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in  the  passive  attack  situation  .  The  problem  is  that  the  velocities 
of  light- gas  guns  are  a  little  low  at  the  moment,  since  it  is  possible 
to  fire  complex  projectiles  at  velocities  from  only  6  to  8  km/sec. 
Here  is  the  challenge  for  further  development. 

Comments  on  the  Performance  of  Light-Gas  Guns 


In  order  to  illustrate  the  performance  of  light- gas  guns  and  to 
thereby  set  up  some*  standards  for  their  selection,  it  is  instructive 
to  carry  out  a  short  design  exercise,  as  follows:  Design  a  gun  ior 
firing  a  t  gm  steel  sphere  to  8  km /sec.  The  procedure  is  sketched 
in  Figure  9.  The  basic  equation  relates  the  kinetic  energy  to  the 
work  done.  The  maximum  pressure  is  determined  by  the  strengths 
of  projectile  and  sabot;  a  value  of  30,  000  psi  is  possible.  The  ratio 
of  average  to  maximum  pressure  is  given  by  the  ballistic  efficiency 
of  the  gun;  I  have  chosen  an  efficiency  of  1/2,  a  high  value  for  most 

guns.  The  area,  A,  is  the  cross-sectional  area  of  the  projectile. 

L 

The  diameter,  D,  is  the  caliber  of  the  gun.  The  —  ratio  is  the 
length  of  the  gun  in  calibers;  experience  indicates  that  a  value  of  300 
is  reasonable  without  incurring  too  severe  losses  from  bore  friction 


DESIGN  A  GUN  TO  ACCELERATE  A  1  GRAM 
STEEL  SPHERE  TO  8  KM/SEC 
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34  mm  and  L  =  10  meters 
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and  boundary  layer  effects.  The  problem  is  to  determine  the  caliber 
of  the  gun,  D. 

The  solution  to  the  problem  is  indicated.  The  basic  equation  has  been 
recast  in  suitable  form.  Putting  in  the  given  conditions,  we  obtain  a 
caliber  of  34  mm  and  a  length  of  gun  barrel  of  1  0  meters. 

From  my  experience,  these  gun  dimensions  are  reasonable  for 
firing  a  1  gm  steel  sphere  at  K  kin/sec.  They  are  in  agreement  with 
the  general  observation  that  a  large  gun  is  required  to  fi  re  a  small 
projectile,  with  a  high  density  of  loading,  that  is,  a  high  value  ol 
mass  to  area  ratio  due  to  high  density  or  high  fineness  ratio. 

Tt  should  hi’  noted  that  the  ballistic  efficiency  plays  a  controlling 
part  in  determining  the  gun’s  performance.  The  size  of  gun  required 
to  launch  a  particular  projectile  will  vary  inversely  with  the  value  of 
the  ballistic  efficiency".  Conversely,  if  one  has  a  given  gun,  the 

velocity  with  which  he  can  fire  a  particular  projectile  will  be  a  direct 
function  of  the  gun’s  ballistic  efficiency. 
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In  our  experience,  the  best  choice  of  light-gas  gun  is  the  accel  e  rilled  - 
roservoir  gun.  It  has  a  high  ballistic  efficiency.  Also,  pressure  is 
applied  to  the  base  of  the  projectile  in  a  relatively  gentle  manner  and 
this  avoids  shock  waves  being  set  up  in  the  projectile  itself.  Our 
experience  with  accelc rated- reservoir  guns  has  been  very  favorable 
in  this  respect.  We  have  been  able  to  launch  slender  conical  bodies 
at  velocities  of  6  km/sec  without  damage  to  the  projectile.  Other 
models,  more  rugged,  although  still  relatively  fragile,  such  as  glass 
sphere’s,  have  been  launched  at  velocities  in  excess  of  h  km/ see. 

Accelerator  Requirements  for  Space  Mission 

The  accelerator  requirements  for  the  space  mission  arc  shown  in 
.Figure  10.  The  projectiles  for  this  region  are  the  meteoroids.  The 
task  required  of  the  accelerator  is  to  fire  simulated  meteoroids  at 
flight  velocities  up  to  80,km/sec.  In  a  certain  sense,  man  is  com¬ 
peting  with  nature  and  he  finds  this  a  challenging  experience. 

Only  two  types  of  accelerators  to  date  have  been  able  to  penetrate 

this  region.  Explosives  with  fast  jets  have  fired  projectiles  up  to 
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velocities  of  about  25  km/sec  with  masses  ranging  from  0.01  to 
(7) 

1.0  gm  .  Other  explosive  devices  have  fired  microparticles  with 
masses  from  10  ^  to  10  gm  at  velocities  up  to  15  km/sec^  \ 

Other  types  of  accelerators  for  launching  projectiles  at  meteoroid 
velocities  are  currently  under  development,  such  as  the  explosive 
foil  gun^  and  the  electrostatic  accele ralor^ These  devices 
show  promise  but  at  the  moment  they  are  still  in  the  experimental 
sl  ip/'  There  are  certain  problems  in  their  lumlioning  and  uncer¬ 
tainties  in  their  results  which  must  be  overcome  before  they  can  be 
considered  fully  operational. 

The  development  of  an  accelerator  to  study  the  meteoroid  hazard  is 
the  most  severe  problem  now  facing  the  experimenter.  The  veloc¬ 
ities  of  the  fastest  existing  accelerators,  the  fast-jet  explosives, 
must  be  tripled  before  the  Spacecraft  Region  can  be  covered.  Also, 
explosives  are  limited  in  the  choice  of  materials  which  they  can  fire 
so  that  accelerators  need  to  be  developed  which  can  handle  projec¬ 
tiles  of  variable  shape  and  density.  It  seems  likely  that  these  shape 
and  density  effects  may  be  less  important  in  the  Spacecraft  Region 
but  a  direct  experiment  is  needed  to  test  this  point. 


37 


critique:  of  accelerator  techniques 


CONCLUDING  REMARKS 


To  summarize,  the  picture  with  respect  to  the  accelerators  for 
military  missions  is  reasonably  bright.  In  the  Armor  Region,  acccl- 
erators  appear  to  be  able  to  meet  the  requirements  of  mass  and 
velocity,  with  improvements  being  desired  in  the  traveling  charge 
gun  and  in  the  spin  convpen nation  of  shaped  charge  jets  for  vise  with 
artillery  projectiles. 

In  the  Missile  Region,  the  status  of  accelerators  is  not  quite  as  good 
as  in  the  Armor  Uegii,n,  but  the  requirement.;  here  a  re  not  too  far 
beyond  the  capabilities  of  existing  accelerators.  Explosives  pro¬ 
ducing  higher  velocities  are  always  desirable  but  perhaps  the  great¬ 
est  improvement  here  is  needed  in  the  invention  of  devices  for 
achieving  better  control  of  aim  and  timing  of  fire.  Light- gas  guns 
require  further  development  in  order  to  increase  their  performance 
to  the  point  of  firing  complex  projectiles  at  velocities  of  10  km/sec 
and  higher.  Also,  improvements  in  the  design  are  desirable  so  that 
heavier  projectiles  can  be  fired  without  undue  difficulty.  Fortunately, 
the  developments  needed  in  this  area  fall  almost  within,  or  perhaps 


jus l  beyond,  the  stale -of- ihu-art . 


CRITIQUE  OF  ACCE  LERATOR  TECHNIQUES 


The  greatest  challenge  for  the  development  of  accelerators  comes 
from  the  Spacecraft  Region.  To  duplicate  the  flight  characteristics 
of  meteoroids  has  proven  a  difficult  task  indeed.  At  the  moment, 
guns  do  not  have  velocities  reaching  into  the  Spacecraft.  Region,  and, 
although  improvements  in  velocity  may  be  expected,  they  will 
probably  be  able  to  penetrate  only  the  lower  velocity  part  of  the 
Spacecraft  Region.  Explosive  accelerators  have  made  some  inroads 
on  this  region,  but  the  maximum  velot  ities  are  still  low  by  a  factor 
of  J>.  Also,  they  have  limited  capabilities  for  firing  projectiles  wuh 
variable  shape  and  density.  Olher  devices,  such  as  the  explosive 
foil  gun  and  Hit  electrostatic  accelerator  are  under  development  hut 
not  yet  fully  operational.  A  vigorous  effect  will  be  needed  to  develop 
accelerators  that  arc  fully  adequate  to  explore  the  conditions  of 
impact  significant  to  the  meteoroid  hazard  to  spacecraft. 

In  conclusion,  let  me  remark  that  a  balanced  effort  is  desired  in  the 

development  of  improved  accelerators.  The  requirements  for  the 
space  mission  are  the  most  challenging  but  those  for  the  military 
missions  are  equally  important*  There  are  substantial  rewards  in 
both  areas  to  be  derived  from  the  improvement  of  accelerators  and 

the  invention  of  new  techniques. 
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ABSTRACT 


This  paper  reports  the  progress  of  a  theoretical  and  experi¬ 
mental  investigation  designed  to  improve  the  periormance  of  two 
stage  light  gas  guns  used  as  hypervelocity  launchers.  Two  theorie 
which  have  teen  programmed  for  the  BRLESC  digital  computer  are 
discussed.  Predictions  resulting  from  the  application  of  the  two 
theories  are  compared  with  experimental  results  obtained  from  a 
small,  highly  instrumented  light  gas  gun.  The  design  of  a  longer, 
high  performance  light  gas  gun  capable  of  accelerating  one  gram 
projectiles  to  velocities  in  excess  of  20,000  f/s  is  discussed. 
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INTRODUCTION 


This  paper  reports  the  progress  of  a  theoretical  and 
experimental  interior  ballistic  program,  being  conducted  in 
the  Interior  Ballistics  Laboratory,  which  is  designed  to 
improve  the  performance  of  light  gas  guns  used  as  hypervelocity 
launchers * 

Two  reports  on  this  topic  have  been  presented  at  the  4th  and 
5th  Hypervelocity  Impact  Symposia1  .> 2  respectively,  thus  this 
paper  brings  the  developments  reported  at  those  two  meetings  up 
to  date. 

The  current  program  being  conducted  by  this  laboratory  is 
divided  into  two  parallel  tasks: 

1.  Task  1  has  as  its  objective,  the  development  of 
theoretical  models  of  light  gas  guns;  these  models  when  set  up 
on  a  digital  computer  will  enable  une  to  predict  Llic  performance 
of  any  sice  or  type  of  light  gas  gun  and  in  addition  gain  some 
insight  into  the  performance  capability  of  a  particular  model  of 
gun*  In  addition  these  programs  can  be  used  to  determine  the 
upper  velocity  limit  u'  talnabli-*  in  a  light  gas  gun, 

2.  Task  2  has  as  its  objective,  the  experimental 
confirmation  of  theoretical  predictions  obtained  from  these 
light  gas  gun  models. 


theoretical  task 

As  mentioned  in  the  $th  Symposium  Report^*,  four  mathe¬ 
matical  models  have  been  studied  in  this  investigation.  They  are; 

1 .  Charters  method 

2.  Adiabatic  compression  model 

3*  Mass  point  model  (Richtmyer  Von  Neuman  "q"  method) 

4.  Method  of  characteristics 

All  four  of  the  models  have  been  programmed  for  the  QRDVAC 
and  BRLESC  digital  computers,  and  many  cases  have  been  computed 
using  each  of  the  models.  The  assumptions  u^ed  in  each  of  the 
models  are  listed  in  Table  1  of  the  5*th  Symposium  Report2. 
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Currently  Charter *s  method  is  not  being  used  in  this  program 
because  of  the  limiting  assumptions  in  the  method.  The  method  is 
good  for  a  preliminary  look  at  a  large  class  of  light  gas  guns , 
but  for  detailed  studies,  the  method  has  its  limitations. 

The  method  of  characteristics  is  a  very  powerful  method 
for  studying  gas  dynamics  and  has  been  used  extensively  by 
investigators  in  the  past.  Unfortunately,  this  essentially 
graphical  method  is  difficult  to  program  for  a  digital  computer, 
and  if  any  shock  waves  are  formed  in  the  process  the  programming 
becomes  very  difficult  indeed.  A  characteristics  program  simulating 
a  light  gas  gun  was  set  up  on  the  ORDVAC  computer,  but  wo  were  unable 
to  complete  the  program  because  of  lack  of  memory  space  due  primarily 
to  logical  difficulties  in  locating  the  shock  wave  position. 

The  adiabatic  compression  model  uses  a  set  of  simultaneous 
ordinary  non-linear  differential  equations  to  simulate  the  light 
gas  gun.  These  equations  are  integrated  numerically  with  time 
as  the  independent  variable  on  the  computer  to  give  a  table  of 
the  variables  of  interest  (pressure,  displacement  velocity,  etc.) 
for  even  increments  of  time.  The  mathematical  development  of  these 
equations  and  the  assumptions  used  are  discusser]  in  Appendix  1. 

This  model  has  been  used  extensively  to  predict  the  performance  of 
the  iaboi’atory^  experimental  light  gas  gun  which  is  of  the  heavy 
piston  type  (x^iston  velocity  subsonic  with  respect  to  compressed 
gas.) 


The  mass  point  model,  the  most  useful  of  the  four  systems 
discussed  here,  represents  the  gas  column  between  the  piston  and 
the  projectile  by  a  series  of  mass  points  possessing  volume,  temper¬ 
ature  and  pressure  characteristics.  The  equations  uBed  in  this  model 
have  been  derived  from  those  used  by  Richtmyer  and  Von  Neumann  in 
the  "q"  method.  These  equations,  their  development,  and  the  assump¬ 
tions  used  are  presented  in  Appendix  II.  Computer  solutions  to  the 
problem  describe  the  motion  of  the  mass  points  as  they  are  compressed 
and  expanded  in  the  light  gas  gun  cycle.  This  model  consequently 
accounts  for  pressure  gradients  and  shock  waves  in  the  gas  column. 

It  has  been  found  that  the  adiabatic  compression  model  is  most 
closely  applicable  to  light  gas  guns  which  use  heavy  pistons;  that 
ia  the  piston,  for  most  of  its  travel  in  the  pump  tube,  moves  at  a 
velocity  which  is  subsonic  to  the  velocity  of  sound  in  the  gas  being 
compressed.  This  has  been  confirmed  In  the  close  agreement  between 
predicted  and  experimental  results  observed  in  guns  of  the  heavy 
piston  type. 
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The  mass  point  model  is  applicable  to  light  gas  guns  which 
use  either  light  pistons  (velocity  of  piston  is  generally  super¬ 
sonic  with  respect  to  the  gas  being  compressed  for  a  major  portion 
os  the  compression  cycle)  or  heavy  pistons.  Thus  the  model  is  of 
greater  generality  in  simulating  the  flow  of  gas  in  the  light  gas 
gun  and  thus  the  overall  performance  of  the  gun. 

It  is  interesting  to  compare  the  results  obtained  from  the 
two  models  when  the  piston  weight  and  propellant  charge  weight 
for  a  particular  light  gas  gun  configuration  is  changed  such  that 
the  piston  velocity  changes  from  subsonic  flow  to  supersonic  flow. 
The  particular  gun  chosen  for  this  model  study  is  the  large  37  nim 
.30  cal  light  gas  gun  now  under  construction  in  this  laboratory. 
Figure  1  is  a  sketch  of  the  guns  used  in  this  model  test.  It  will 
be  noticed  that  gun  used  in  the  adiabatic  model  run  does  not  have 
a  tapered  nozzle.  This  is  because  the  mass  flow  rate  through  the 
nozzle  used  In  this  model  depends  only  on  the  area  ratio  between 
the  pump  tube  and  launch  tube .  The  guns  are  the  same  i.n  that  the 
initial  pump  tub*1  volumes  mv  i.-qu&l. 

Th>-  results  of  th<’  computations  using  both  the  mass  point 
model  and  th»*  adiabatic  compression  model  are  shown  in  Figure 
Is  Ui'.r  flgur*1  Mi"  maximum  helium  pressure  developed  in  the  pump 
tube  and  th"  rnuzzl'  velocity  of  the  projectile  are  plotted  as  a 
function  of  piston  weight  and  propellant  charge  weight. 

In  Table  1  additional  information  is  given  for  these  corn- 
putt. r  runs.  It  will  be  noticed  that  the  difference  between  the 
mass  point  and  adiabatic  compression  codes  is  slight  at  low  pro¬ 
pellant  charge  weights.  In  these  runs  the  pressure  gradients 
observed  in  the  mass  point  method  were  slight.  At  1.h»-  high  pro¬ 
pellant  charge  weight  the  piston  velocity  was  higher  and  thus 
shock  waves  as  wc'Jl  as  severe  pressure  gradients  should  emphasize 
i/he  difference  between  the  mass  point  method  and  the  adiabatic 
compression  method  as  indeed  it  does. 

The  mass  point  method  was  also  used  in  the  design  of  the 
propellant  burning  chamber  of  the  light  gas  gun  currently  under 
construction.  Since  it  was  proposed  in  the  design  of  the  gun 
to  attain  high  temperatures  in  the  light  gas  by  shock  heating, 
it  was  important  to  design  a  propellant  burning  chamber  which 
would  be  capable  of  accelerating  a  light  piston  to  a  maximum 
velocity  of  7000  -  8000  f/s.  A  modification  of  the  mass  point 
model  was  sot-  up  on  th«*  computer  to  examine  the  characteristics 
of  prop  Tlant  chambers  of’  varying  shap>  •.  This  modification  cou- 
;■  i t i'(l  of  dividing  tli"  gas  column  h«  tu--  11  i  1 1- •  hr- »  cli  -nd  of*  Mi-* 

-•I isu:;i - and  Ih1’  Las-  of  Mi*  piston  ' nl o  ‘<0  mass  pui;.!. Th's 
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gas  column  consisted  of  propellant  gas  'which  had  burned  out  in 
the  chamber  before  the  piston  started  to  move.  At  time  zero  the 
piston  was  allowed  to  move*  Pressure  and  velocity  profiles  were 
computed  in  the  gas  column  at  each  time  step  until  the  piston 
left  the  tube.  This  is  admittedly  an  idealization  of  the  actual 
case  in  which  the  propellant  burns  as  the  piston  moves  but  it 
was  thought  that  in  this  way  the  influence  of  chamber  shape  on 
performance  of  the  gun  could  be  studied. 

It  had  been  previously  determined  (see  ref .9)  that,  in  order 
to  accelerate  a  0.5  pound  piston  to  a  velocity  of  about  8000  f/s 
in  a  37  mm  pump  tube,  where  the  chamber  pressure  is  limited  to 
100,000  psi  or  less,  a  chamber  volume  of  8o  in^  is  required. 

Five  chamber  designs  were  studied  using  the  mass  point 
model.  The  charae Leri sties  of  these  chambers  and  the  results 
of  this  brccch  chamber  design  study  are  shown  in  Tab?>.e  11.  It 
will  be  noticed  that  the  velocity  of  the  piston  varies  between 
f*)r>88  and  71*34  r/s  after  120  Inches  of  travel. 

As  a  result  ot'  these  computations  Type  IV  chamber  was  chosen 
us  the  breech  chamber  for  the  light  gas  gun  as  it  gav< ■  thi-*  light  si 
velocity  of  the?  five  chamber  typer,  studied. 

The  mass -point  and  adiabatic  compression  models  can  be?  used 
in  a  computer  program  for  improving  the  performance  of  light  gas 
guns.  Of  the  two  models,  the  mass -point  model  is  of  greater  use¬ 
fulness  because  it  has  fewer  limiting  assumptions.  The  use  of 
this  more  favorable  model  is  limited  by  longer  computer  running 
time;  15  minutes  to  40  minutes  as  contrasted  to  1  minute  or  less 
for  the  adiabatic  compression  method. 

One  method  of  improving  the  performance  of  light  gas  guns 
is  to  preheat  the  light  gas  to  some  temperature  above  ami) lent 
temperature  before  compressing  the  gas*  Three  methods  have  been 
used  in  preheating  the  light  gas: 

3  4 

1.  By  electric  discharge  into  the  gas.  9 

2.  By  preheating  the  pump  tube  with  the  light  gas  inside. 

3.  By  preheating  the  gas  outside  the  pump  tube  and 
rapidly  injecting  the  hot  gas  into  the  cold  pump 
tube  prior  to  compression. 5 

All  three  methods  result  in  contaminating  the  gas  with  metal 
vapor,  either  from  the'  heaters  or  the  electric  discharge;  however, 
rt  is  expected  that  indirect  heating,  although  more  complicated, 
will  result  in  1-  s  contamination  to  tb1  gas. 
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BALLISTICS  OF  LIGHT  GAS  GUNS 


TABLE  III 

Light  Gas  Gun  Model  used  to  Predict  Effects  of  Increasing  Initial 
Temperature  of  Light  Gas 
Length  Pump  Tube  =  133” 

1.1).  Pump  Tube  «  1*5” 

Length  Launch  Tube  ®  72” 

Breech  Chamber  Volume  =  4-0  in" 

Piston  Weight  -  *5  Lb. 

Projectile  Weight  =  1  gram 

Light  Gas  -  Helium 

Range  of  Initial  Temperature  Variation  -  300°  to  1500°K 

Shot  Start  Pres sure  =  70,000  psi 

Initial  Helium  Pressure  =  hOQ  psi 

Transition  Noazlc  Angle  =  50° 

Frictional  Resistance: 

Pump  Tube  -  500  psi 

Launch  Tube  -*  2000  psi 
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To  assess  the  effect  of  preheating  the  gas,  a  gun  model 
similar  to  that  being  constructed  for  the  Interior  Ballistics 
Laboratory  Hypervelocity  range  was  chosen.  The  characteristics 
of  this  gun  are  shown  in  Table  III.  In  Figure  3  a  plot  of  muzzle 
velocity  vs.  maximum  pressure  shows  the  effect  of  preheating  the 
gas.  The  mass  point  model  was  used  in  all  of  the  computations. 

A  more  promising  procedure,  than  preheating  the. light  gas, 
is  to  so  desjgn  the  parameters  of  the  light  gas  gun  that  constant 
pressure  is  applied  to  the  base  of  the  moving  projectile  for  a 
portion  of  its  travel  down  the  launch  tube.  No  reports,  as  yet, 
are  available  as  to  how  this  might  be  done  but  informally  it  has 
been  reported  that  two  methods  are  being  tried  experimentally. 
These  are  the  following: 


1.  To  determine  the  pressure  profile  needed  to  attain 
constant  base  pressure;  and  working  backwards  determine  the 
motion  of  the  piston  necessary  to  attain  this  profile. 

2,  Extrude  a  rapidly  moving  flexible  piston  through 

a  tapered  nuzzle  such  that  the  front  end  of  the  piston  is  moving 
more  rapidly  than  the  rear  end.  This  rapidly  moving  piston  face 
will  act  as  a  moving  chamber  for  the  projectile  and  tnus  for  a 
portion  uf  the  travel  keep  an  essentially  constant  pressure  on 
the  base  of  the  projectile. 


First  lot  us  determine  the  velocity  attainable  if  a  constant 
pressure  is  applied  to  the  base  of  a  projectile  for  its  entire 
travel  in  a  launch  tube. 


The  performance  of  this  type  of  gun  can  be 
well  known  relation  between  work  and  projectile 


l)  PAL 


computed  from  the 
kinetic  energy: 


solving  for  velocity  we  obtain: 

2)  ,  JEM 


If  we  assume  that  the  projectile  is  a  right  circular  cylinder 
we  can  introduce  some  important  simplifications  into  the  above  equation. 
Using  the  relation  for  projectile  weight  w  =  pAl  and  substituting 
in  the  above  equation  we  obtain: 


5)  v  Jig  p  (i) 
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BALLISTICS  OF  LIGHT  GAS  GUNS 


In  Figure  4  a  plot  of  muzzle  velocity  vs  the  parameter  —  ^ 

an  a  function  of  pressure  is  presented.  In  this  plot,  pressures 
are  varia  from  10,000  to  500*000  PGi  and  the  parameter 

from  50  to  700.  The  upper  limit  on  pressure  is  picked  from  a 
consideration  that  it  is  unlikely  that  pressure  vessels  can 
be  made  to  withstand  gas  pressures  in  excess  of  500,000  psi 
without  considerable  deformation.  The  last  reported  work  on  a 
high  pressure  vessel,  of  this  type  was  that  of  Utah  Research  and 
Development  Corp  ,  who  succeeded  in  making  a  pressure  vessel 
which  would  hold  4(X),000  psi  using  stressed  concentric  cylinder 
construction. 

Higher  pressures  up  to  about  4  x  10 J  psi  could  be  obtained  in 
a  barrel  by  constructing  it  in  concentric  layers  with  annular  spaces 
between  the  layers  filled  with  high  pressure  gas  or  liquid  such  that 
the  pressure  on  any  one  layer  would  not  exceed  the  tensile  strength 
of  tho  lay- .  The  ends  of  such  an  assembly  would  bu  hold  by  hydraulic 
pistons  of  a  type  used  by  General  Electric  in  llieir  diamond  making 
equipment.  It  is  therefore  assumed  in  this  study  that  using  mono- 
bloc  construction  500,000  psi  is  an  upper  limit  on  attainable  press¬ 
ures,  Higher  pressures  could  be  held  but  the  cost  and  complexity 
of  construction  would  increase  rapidly. 

Use  of  this  plot  is  illustrated  by  three  examples  in  Table  IV 
in  which  projectiles  of  5  different  densities  are  launched  from  the 
same  barrel  at  a  constant  base  pressure  of  100,000  psi.  The  result 
illustrates  clearly  the  effect  that  changing  projectile  density  has 
on  the  muzzle  velocity.  The  above  cases,  however,  represent  a  highly 
idealistic  situation,  other  mechanism  must  be  postulated  which  will 
account  for  deviation  of  the  light  gas  gun  from  this  ideal  behavior. 

One  possible  mechanism  by  which  this  may  occur  is  to  allow  the 
piston  face  to  move  at  a  constant  distance  behind  the  accelerating 
projectile  until  a  velocity  is  reached  which  is  a  portion  of  the 
final  muzzle  velocity.  At  this  time  the  piston  face  will  then  move 
at  a  constant  velocity  until  the  projectile  is  ejected.  Motion  of 
the  projectile  when  the  piston  face  attains  a  constant  velocity 
will  follow  a  characteristic  expansion  relative  to  the  moving  face 
of  the  piston. 

In  appendix  ITT  the  assumptions  and  derivations  of  the  equa¬ 
tions  used  in  this  theory  are  listed.  A  pictorial  diagram  of  the 
f-V'-nts  used  in  this  theory  is  shown  in  Figure  8. 
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A  parametric  study  was  conducted  on  this  problem  using  the 
same  range  or  variables  used  on  the  constant  base  pressure  gun. 

In  addition,  however,  wc  have  to  specify  the  gas  used,  the  temper¬ 
ature  of  the  gas,  and  the  portion  of  travel  which  the  projectile 
moves  under  characteristic  expansion  processes.  In  the  cases 
studied  the  gas  used  was  hydrogen  and  the  temperature  of  the  gas 
varied  from  3000°K  to  50,000°K.  Figure  to  Y  show  some  of 
the  results  of  this  study.  It  w'll  be  noticed  from  these  figures 
that  the  low  end  of  L/ptf  there  is  very  little  velocity  differ¬ 
ence  between  operating  the  gun  as  a  constant  pressure  gun  or  as  a 
pure  characteristic  expansion  gun.  As  L/pi  increases  the  differ¬ 
ences  between  the  two  modes  of  firing  increases.  Increasing  the 
f'nal  gas  temperature  improves  the  perfoimancc  as  docs  operating 
the  gun  as  a  constant  preenur-  gun  for  a  portion  of  its  travel. 

Means  of  attaining  in  a  practical  light  gas  gun  constant 
base  pressure  for  a  portion  of  its  travel  vary: 

l)  P.rjuiv-ze  tile  chamber  and  barrel  close  behind  the 
pro.h’i’t i li »  by  ni»*anr;  of  an  uoeeJLcrnt i  ng  detonation  wave. 

f )  RapdLy  nervl -rale  the  piston  in  tin-  .last  portion 
of  its  trav,il  by  som**  means,  rockets;,  high  explosive:;,  t  ic. 

f) )  Squeeze  a  deformable  piston  through  a  tapered  mv/.sle. 
During  the  d> -format5  on  the  piston  face  will  travel  l'ai;t"r  than  the 
piston  base. 

In  this  report  wo  will  discuss  the  last  method  only  as  having 
the  most  promise.  The  other  two  methods  should  b*  tried  but  prob¬ 
ably  would  be  very  difficult  to  control. 


Th  '  simplest  caa»*  of  the  flow  of  a  deformable  piston  through 
a  nozzle  is  to  assume  the  piston  is  incompressible;  that  is  the 
total  volume  of  the  piston  remains  constant.  This  impl'es  that 
the  mass  flow  rate  through  the  nozzle  will  be  a  constant,  there¬ 
fore  we  have : 


4)  Mass  flow  rate: 


dm 

dt 


p  \dxl 


Rearranging : 


P  A2dx2 


.) 


dT“ 


Al\  dAl 

A  di 


dt 


dt 


Constant 
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The  acceleration  equation  for  the  piston  i.a: 


6) 


*'l- 


m 

P 


( Vi  -  Va)  s 

w 

P 


Figured  illustrates  this  relationship. 

Two  computer  programs  were  set  up  to  illustrate  the  results 
of  integration  of  equation  (5)  and  (6).  In  one  program  it  was 
assumed  that  the  piston  "by  some  means  had  attained  a  velocity  and 
was  just  entering  a  nozzle  of  a  known  geometry.  The  piston  was 
accelerated  only  by  a  base  pressure  and  opposed  by  a  x^esi stance 

pressure  Pr;  the  resistance  pressure  could  be  frictional  or  gas 
pressure  ahead  of  the  piston.  Figure fO  illustrates  the  results  of 
three  of  those  computations*  The  cone  in  tills  case  was  fixed, 
only  tJic  piston  lengths,  weights,  and  initial  velocities  were  varied. 
Looking  nt  the  motion  of  the  front  face  of  the  piston  it  is  noli.or\) 
Inut  there  is  un  initial  acceleration  phase  occurring  over  the  length 
n-f  M»«.  »u,'/yii»#  This  1:  followed  by  ••  constant  velocity  phan,.  obioh 
is  not  to  mi  Minted  until  the  portion  of  the  piston  outers  the 

nozzle ,  The  face  then  undergoes  a  deaccoluruliun  pliase  wiiieh  is 
terminated  when  the  base  of  the  pi!' ton  enters  the  JLuiinckur  tube.  Thi. 
final  velocity  of  the  i^iston  will  be  equal  to  the  Initial  velocity  of 
the  piston  ,’iiinun  any  losses  which  might  have  occiut  j<l  during  tin.* 
extrusion  process*  T  ie  first  tv/o  pliases  are  wliat  is  desired  for  a 
constant  huso  pressure  gun  followed  by  a  characteristic  expansion; 
that  is  an  acceleration  pliase  for  the  face  of  the  piston  such  that 
the  volume  of  gas  behind  the  accelerating  projectile  remains  a 
constant.  This  is  followed  by  a  constant  velocity  phase  in  which 
the  volume  between  the  projectile  and  the  piston  face  increases 
during  the  characteristic  expansion.  It  is  to  be  hoped  that  the 
projectile  lias  left  the  luiuiehux’  by  the  time  the  piston  dcueool- 
eration  phase  enters  in. 

Equations  (5)  and  (6)  were  programmed  into  the  mass  point  model 
so  as  to  simulate  the  interior  ballistics  of  a  light  gas  gun  with 
a  deformable  incompressible  piston.  The  results  of  a  number  of 
computer  runs  indicated  that  the  light  gas  pressure  increased 
rapidly  forward  of  the  accelerating  piston  face.  This  increased 
pressure  was  not  transmitted  to  the  base  of  the  rapidly  moving 
projectile,  because  the  projectile  was  moving  faster  than  its  local 
sonic  speed.  Further  study  will  be  required  to  determine  the  con¬ 
ditions  necessary  to  obtain  a  velocity  advantage  from  the  oxtr udable 
piston  tecluilque. 


BALLISTICS  OF  LIGHT  GAS  GUNS 
EX  FEK  X MENTAL  PROGRAM 


Thr  initial  objective  or  tlv  experimental  program  was  to  build 
a  small  37  mm  -  .50  cal  light  gas  gun  out  of  available  parts  and 
fire  it  in  a  program  which  would  serve  to  check  out  instrumentation 
to  be  used  in  a  higher  performance  light  gas  gun.  In  addition,  the 
results  of  the  firings  could  be  used  to  cheek  the  adequacy  of  theories 
developed  in  the  parallel  theoretical  program.  Knowledge  gained  in 
thin  program  would  be  used  to  design  and  build  a  high  performance 
37  mm  -  .'30  cal  light  gas  gun. 

The  gun,  as  finally  designed,  launched  2.5  and  5  gram  aluminum 
projectiles  at  velocities  ranging  from  6000  to  10,000  f/s.  The 
pump  tube  for  this  gun  consists  of  a  smoothed  bored  37  mm  tank  gun. 

To  the  muzzle  of  this  gun  is  attached  a  throe  part  high  pressure 
section  consisting  of  a  two-diameter  high  pressure  section,  a  gang* 
ring  to  hold  the  pressure  gauge,  and  a  transition  section  between 
l.h'-  pump  tube  and  the  launch  tube.  To  the  transition  section  is 
attached  a  .50  cal  smooth  bore  Mann  barrel,  which  cerv  s  as  the 
launch  tube.  The  muzzle  end  or  the  launch  tube  has  a  vacuum  adapter 
..o  that  ‘h-  tub*  mny  b-  ■  -v.'n'u-'d  •  ■! .  A  '  n  •  n  r-ybu  pin  s'  :r  .1  i  ..c  Is. 
ur.eil  in  tin-  vacuum  adapter  to  s-  al  off  lie  bur*-.  A  sketch  of  l-he 
gun  with  dim'  ns.  i  one.  is  shown  in  Figur-  11, 

Initially  th»-  luu’tr i dg-  «’ar-  us.  d  in  Ui*-  ')(  mm  gun  w; ;  mad'’ 
of  brass .  Al'L-v  a  few  lighi  g as.  gun  flr'ngs  il  was  -vid-nl  Unit 
propellant  gar.  leakage  around  tlv  enrl.ridgi-  ear.  -  limiL-d  tl\»*  <*flVi:'i  - 
iV')r*r.r.  of  ill'1  gun.  TJiir.  eurfridg  •  <•««>»■  war.  th«-n  r  'placed  by  a  si>  .1 
cartr.i d.gi •  ease  fitted  witli  0-ring:’.  f>ine»-  t.lr-ii  w«-  hav--  not  obsej’V-'tt 
any  gas  leakage  from  Ur*  breech  -  in*  of  l-h*  gun  ai.  1 1 1*  low-  r  '  lr-rgy 
rounds » 

Tii«-  Ihr-  ■  -purl,  big})  pressur**  r-  «*i  ion  ir  ir  .Id  log,-  i  h-  r  by  a 
system  of  heavy  steel  flanges  and  bolts.  The  present  design  con¬ 
sists  of  2  1Tangns  2-3/8  inches  thick  and  13-1/2  inches  in  d  i  ampler* 
hardfir-d  to  Rockwell  30/^1 .  Tli«-  flanges  are  h*  J.d  i  og.'-th-  r  by 
bolts  especially  machined  and  harden- -d  io  r-.-duc •*  rtr*-ss.  This 
design  which,  is  shown  ir  Figure  1 P,  represents  the  fourth  try  in 
the  design  of  a  clamping  arrangement,  three  previous  tries  ending 
in  castastrophic  failures. 

The  two-diameter  high  pressure  section  was  made  initially  to 
be  used  with  scintillation  counters;  the  counters  were  to  be  used 
to  track  a  radioactive  cobalt  60  source  held  in  the  base  of  the 
piston. 

p 

This  approach  war  dl  r.^uss-’-d  n  r^f^renc"  .  n'h_i  radioactive 
.■uu!'  " --re  i  ui  i  llai  ion  comb -  r  id-  a  war  abandon  -t l  v.’ir  i.  ;  i.  was  d-oid-.i 
•  In  I  Hi  u:’  of  j:iugn«-l  1’  auida-ir  ’ro'jl-i  **v  ;i.  rn:v  purpur-  al 

■  t =  1  -’-'ill/  .1.  rr  dung  r  !.<j  '•  i-  up  f  :,;  r,;.:  . 
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Two  types  of  piston*;  have  used  in  the  light  gas  gun. 

For  the  initial  firings  a  steel  piston  was  used  fitted  with  a 
copper  cun  obturator  at  one  end  (to  seal  off  propellant  gases) 
and  a  nylon  buffer  at  the  other  end  (to  cushion  the  shock  of  the 
final  impact  of  the  piston  against  the  transition  section).  A 
lat»r  design  of  the  piston  had  or  l/K"  width  grooves  about 

l/ft”  deep.  These  pistons  were  used  in  experiments  with  the  magnetic 
contact.  Th.-  aluminum  project  iles  and  shear  ring  were  machined  in 
one  piece  out  of  aluminum  bar  stock.  The  two  types  of  pistons  and 
projectiles  used  are  shown  in  Figures  1.3  and  14. 

To  obtain  interior  ballistic  information  from  tho  light  gas 
gun  the  follow i eg  instruments  wore  used: 

l)  Q-uirt.z  crystal  piezo  pressure  gauge  -  used  to  measure 
propellant  gas  pressure  in  tho  breech  chamber  of  the  pump  tube. 

P)  TLrloii  tvp»'  strain  fringe  -  used  to  measur. -  helium 
pr-  in  1 1 1*  pump  tub'-  just  b  Tur- ■  1.1 1<*  l.ranr.  i  hiun  r.-  elion. 

'})  Magn’tie  '*onta“1  -  1 1 :  *  d  I  u  fhLct  piston  por.it  ion 
as.  Mr  piston  pass>-J  under  l.li- *  eontaeh, 

h  )  Microwave  inLuT*  ruin*  L  r  -  u.u  d  to  im >rL«;uv'i ■  projectile 
di  rplfU.M  in*  nl.  in  tlr*  launch  tube. 

The  quartz  crystal  pi  7,0  gauge  is  of  a  type  used  at  Hi* 
Ballistic  Research  Laboratories  for  the  measurement  of  transient 
gun  pressures  for  a  period  of  about  PO  years.  When  properly  used 
the  gang"  has  giv-n  quite  reliable  results , 

Tho  piston  type  strain  gauge  consists  of  a  steel  piston  l/b 
Inches  in  dLunet  u*  .and  L-l/P  Inch's  long  which  lias  a  strain  patch 
cemented  at  its  upper  end.  Win  11  the  gauge  wan  test'd  in  a  high 
pressure  shock  tube  at  about  1000  psi  it  gave  a  ringing  frequency 
of  bO  KC .  This  corresponds  to  a  rise  time  of  In  microseconds. 

This  type  of  gauge  is  quite  rugged  and  has  been  used  previously  in 
light  gas  guns  instrumentation  systems. 

The  magnetic  contact  is  a  relatively  new  development  in  the 
field  of  light  gas  gun  instrumentation,  no  published  literature 
has  been  found  concerning  its  use  in  light  gas  guns,  however,  it 

has  been  used  in  other  fields ,  notably  rocket  launcher  instrumen¬ 
tation.  Th^  magnetic  contact  ur>r‘d  in  th“  37  mm  .7)0  cal  light  gar. 
guv.  '•our  i:;! s  of*  a  mag::* i ?.•  d  cold-roll"d  uL^'l  bar  l/rt  inches 
difuir,l.,*r  l.v  3/Jf  "  iicii*  long,  v-rapp1  d  with  ImO  turns  of  No. 3b  copp'-r 
..■;r  .  An  ulumliiur.  •■iip-^-ring  ■ i  na't  i  o’i  pro!  •  -*‘l  s  ’  Ii-  bar  from  1  h*  ■ 


BALLISTICS  OF  UGHT  GAS  GUNS 


Till:-,  oup  in  turn  is  supported  'by  a  steel  hollow  cylinder.  A 
voltage  signal  is  induced  in  the  coil  when  the  slotted  pi  s  ton 
pa r.c-i;  underneath  ill-  contact. 

A  microwave  i  nt«-rf  urometer  in  used  to  measure  position  of 
tli*  projectile  in  the  launch* -r  as  a  function  oi  time.  The  system 
us' d  in  the  Tnt**rLor  Ballistics  Laboratory  has  been  drr.er  ib*  0  >  -Is*  ■- 
when  ^  and  only  a  brief  description  will  he  given  hm-. 

The  principle  on  which  it  works  is  the  same  as  that  for  an 
optical  interferometer.  A  radar  signal  from  a  klystion  i s  propa¬ 
gated  through  a  hybrid  junction  into  branches  of  a  wave  guide. 

The  signal  along  onr%  branch  is  din  cted  to  the  muzzle  by  moans  oi' 
a  horn  and  reflector,  and  th  n  propagates  along  th"  bon-  of  the 
barred,  to  the  projectile  face.  The  signal  propagating  along  Uk 
other  branch  is  directed  to  a  fixed  wave  guide  short.  The  r.  ll*et*d 
signals  from  both  branches  return  to  a  .junction  and  thence  to  a 
crystal  d»’ti  ctor,  ‘file  output  of  i  n*  ■  crystal  i;.  a  run. 'aid 
VwJ.t  ag  \  r  Ml"  't  '  f’  '  •  eel  in'll  -  j  IhiW'V'  I  ,  if  Hi-  M'u  i  .'I  !■ 

mov- ,  111*  i‘rysi.n.1  voltage  'bang*  ;;  jn  amplitude  in  n  marly 
;•  i  tiur.o'  dal  v.nv  ,  which  gu«  s  from  maximum  lo  minimi  urn  for  •  *v‘h 
•t-iar  v  •  r  ’..'av*  1  ngi  h  -'hang'*  in  penj^e}  i  |.  pu:  M  ion,  A  *  *  1  ■  r  1”  in/' 
amplified,  th*  rigeal  is  sent  to  an  oscilloscope  and  is  record'd 
on  a  General  Kudio  camera  and  a  rotating  mirror  camera.  Th* 
rotating  mirror  camera  is  capable  of  recording,  I'ruqu'-ivii  r»  up  to 
about,  uiie  megacycle.  This  is  equivalent  to  a  projectile  velocity 
in  the  .30  cal  barrel  of  about  30,000  f/s.  The  microwuvi  equip¬ 
ment  at  th*  front  of  the  launch*  r  is  shown  in  Figure  13* 

A  sketch  of  a  portion  of  111-  high  pressur*  section  and  i  li- 
launcher  tube  of  the  light  gas  gun,  together  with  the  magnetic 
contact  and  the  high  pressure  gauge  ; shown  in  Figure  16. 

Muzzle  velocity  in  the  light  gas  gun  is  currently  m<  as- 
ured  by  timing  the  passage  of  the  projectile  between  thr**  print-  d 
circuit  paper  screens  which  are  set  about  3  feet  apart.  These 
screens,  when  broken  by  the  projectile,  start  or  stop  electronic 
counters.  Since  these  screens  are  in  air  the  projectile  exper¬ 
iences  considerable  aerodynamic  drag  and  thus  a  velocity  loss 
when  passing  between  the  screens.  The  muzzle  velocity  of  the 
projectile  is  then  determined  by  extrapolating  the  screen 
velocities  back  to  the  muzzle.  For  low  velocities  (less  than 
10,000  f/s)  this  is  an  acceptable  method  for  measuring  muzzle 
v*'  loe  i  i  i *  ,  but.  for  v*lociiie:.  great-  r  than  10,000  I’/.j  ot-h*  r 

a-  an:,  hav  I  u  b*-  used. 
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EXPERIMENTAL  RESULTS  (SMALL  GUN) 


A  total  of  52  rounds  have  been  fired  in  the  small  37  mm 
.50  cal  light  gas  gun.  A  large  number  of  these  were  fired  to 
check  out  various  modifications  in  light  gas  gun  instrumentation 
so  the  results  obtained  from  those  rounds  were  either  non-existaul, 
because  of  instrumental  malfunction  or  only  partially  adequate. 

In  other  rounds,  the  instrumentation  worked  perfectly  so  these 
rounds  were  compared  with  the  theoretical  predictions  described 
earlier, (See  Table  V  ),  Both  the  adiabatic  compression  method 
and  the  mass  point  method  were  used  in  making  predictions.  The 
results  from  both  of  these  predictions,  since  in  general  they 
do  not  agree,  are  listed  separately. 

The  detailed  interior  ballistic  trajectories  for  two  rounds 
are  shown  in  Figures  17  to  20  .  The  experimental  results  of 
these  rounds  are  compared  with  the  predictions  from  the  mass 
point  and  the  adiabatic  compression  methods. 

The  interior  ballistic  trajectory  for  round  26  gives  fair 
agreement  between  the  mass  point  method,  the  adiabatic  compress  i  on 
method,  and  experi mental  results.  However,  the  mass  point  method 
jimriw.i;;  higher  pressure  iu id  velocities  than  observed  experi¬ 
mentally.  In  round  *i0  the  agreement  Is  not  as  good.  Again  the 
mass  point  method  predicts  higher  velocities  and  pressures  than 
epli'-r  the  adiabatic  compress! on  method  or  the  experimental 
results.  Most  of  this  error  is  probably  due  to  predicted  piston 
velocities  being  higher  than  that  developed  in  the  gun  firing. 

This  discrepcncy  in  piston  velocities  may  lx**  caused  by  the 
following : 


1.  Unforeseen  frictional  envois  between  tin  piston  and 
the  pump  tube  bore,  for  example: 

a.  Tin*  slightly  eroded  condition  of  the  pump  tube, 

b.  The  "braking  effect 11  caused  by  a  compressible 
nylon  buffer  on  the  face  of  the  piston. 

2,  Observed  propellant  gas  leakage  at  the  breech  end 
of  the  system,  particularly  at  the  higher  propellant  charges. 

It  can  be  noticed  that  in  both  of  these  rounds  the  adiabatic 
compression  method  gives  smooth  helium  pres sure -time  traces  which 
is  in  contrast  to  the  oscillatory  pressure-time  traces  from  both 
the  experimental  record  and  the  mass  point  method.  In  general 
these  pressure  oscillations  start  with  motion  of  the  projectile 
and  are  du*-  to  shod  waves  formed  by  tlv  rapid  flow  of  gas  in  th- 
trans  I  l.i  on  s»  ct  i  on . 
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This  1  s  shown  in  Figure  21  which  ‘  s  a  series  ol  oscillo¬ 
scope  records  of  light  gas  rounds  which  vary  widely  in  vToeity. 
Shown  in  th  *se  records  arc  helium  pressure  measured  at  the  tran¬ 
sition  section  and  the  interferometer  i-.-v.ord  measuring  project  i.L 
motion.  In  the  one  record  no  pressur-'  oscillations  nr-’  noted. 
This  was  a.  low  velocity  ( 49^1  f/s  )  light  gas  gun  round. 

In  successive  rounds  as  the  projectile  velocity  increase-.*., 
the  amplitude  and  frequency  of  oscillation  increases;  hut,  it 
will  he  noted  in  most  cases,  the  oscillation  starts  alter 
projectile  start  ol’  motion.  In  the  highest  velocity  case 
oscillations  arc*  noted  before  start  ol‘  motion,  but  this  is  du1  ■ 
to  the  formation  ol*  shock  waves  by  the  rapidly  moving  piston. 

(K,\  \,  th> ’{’•  •  ph< monies  can  be  predicted  by  the  mass  point  nv-thod. 

A  typical  light  gas  gun  oscilloscope  record  is  labeled  in 
d'tail  and  shown  in  Figure  22.  The  projectile  weighed  2 .  e  gm;;: 
m  id  L.  prop  lla:.'  drew  w>  :  gh-  d  -v.  ;  :  a;:V  .  *h'  russl" 

I’m-  tlii,*.  round  war  approx  i  mul  >  .1  y  lO.fWi  I'/c. 
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LARGE  ;>f  nu»i  ,bQ  HAT,  LIGHT  GAG  GUI] : 

A  larg**  and  mor-  mus'iV'  Si'  i:un  .‘>0  cal  light  gas  gun  i  :i 
now  und*  r  d**s'gn  ai id  construct i on .  This  gun  hat;  been  design'd 
to  fir  I  jr,JTL!!!  projectiles  »n  ih  •  20,000  -  30,000  f/s  velocity 
rung*’,  but  will  Lr*  used  to  obtain  *nti  rioi'  ball  i  si.  i  c  i  n  format  i  on 
on  1’i'Jrt  gas;  guns.  operating  umi'  r  a  wid»*  variety  of  none!  it  i  urn; . 

■  *1 1 1 gun  r*  pr*  :>Mitn  %_  J  i-  -  improvements  in  design  s.uggcstfd  by  l-h«  ■ 
firing  of  the  small  gun.  The  large  light  gas  gun  has  two  10 
foot  pump  tubes  which  can  be  used  separately  or  together  giving 
a  pump  tub*  ?0  foot  long,  Th"  high  pressure  section  which  is 
?h  inch* >s  long  is  attach'd  io  th*  muzzle  end  o.f  the  pump  tub". 

To  l  lie  high  pj’"ssur--  m -el  ion  '  w  turn  is  attached  Uv  ,';0  cal 
lanneh  tub*  {*?  inch*  s  long. 


Th*  high  pi:  ■  ssur*  .  **el.ion  is  of  mono  bloc  eons  f  rue  t  i  on 
(un.l.-k"  1.1, t  small  light  gas  gun)  and  consists  of  two  concentric 
•'vf'H  nf  'M’e*  i  5  'I:  -.*■  -mb  fr  1  i  ng-  d  !  Or  •  Ml  T!  ■ 

'  mi'  ?*  "‘ylind'i*  is  1.,'*  inch".  !,!).  l»y  >  inels-s  O.l),  and  Uir 
oui-f  ey.L !  :!U**r  is  ;l.‘>  iii'Mi**;*  |J'.  py  o  .  ne|i.  ;  O.D.  Th"  high 
{'!'•  ‘e**  ;•  *•!  sen  '  a-  s.  i gn-  d  U)  \:  i  I  lisfand  u  maximum  : > r  ssui*  uf 

200,000  | »:  *,  I «  On*-  eompli  cfil.  ion  in  111  *  design  i,',suL|.-d  from  l.Ji* 
pr*  o  I  l  wo  hoi'  s  into  111  bui’"  of  la  high  pc.'sns  s*-.Tiun. 

On*-  bob  is.  for  lb*  high  prer.su n  gang*  and  l.h"  ot]i«  r  fo»'  t-i i* * 
magn-  l  i.-  ‘onlnct,  M'be  hol»  for  th*  high  pressure  gang-  givs  ;*n 
un I'avuruh t»  sl  r«*ss  pal  l.'  rii  af  th*  point  hi  th*  s-  el  ion  which  is. 
subt)*’ctr  d  to  max  inurn  pressure  so  particular  emphasis  on  th* 
placement  of  this  hole  was  made  by  the  Engineering  Laboratories 
o  *  Wnt«  rtowi  i  Arsenal  (design*  tu  of  1 1  i  c  -  high  pressure  section) 
so  that  th"  s.ti'i  i  i>  lh*’  high  pr*-s.sur  s*  el  ion  v.'ou.ld  b*  al  a 
minimum.  This  resulted  in  the  hole  into  th*'  bore  of  the  gun 
being  off  the  axis  of  the  gun. 

Tli<*  design  of  tli**  breech  section  of  th**  light  gun  gun  has 
hern  described  earlier.  Briefly  it  consists  of  a  cylinder  of 
Potts  Elastuf  41*  steel  7. TO  inches  0.1).  by  5  inches  I.D.  with 
a  50°  nozzle  between  the  3  inch  chamber  and  the  bore  of  the 
pump  tube.  Three  breech  plugs  can  be  used  in  this  chamber  to 
give  chamber  volume  of  40,  60,  and  8o  cu*  inches  respectively. 
This  allows  one  to  vary  the  piston  velocity  over  wide  limits 
(up  to  a  maximum  velocity  of  8,000  f/s  with  a  ,5  lb.  piston) 
without  exceeding  the  100,000  psi  pressure  limit  of  the  chamber. 

In:1 1  rum*  ul  al  i  uis  si  .-Liar  s  o  Mial  u;.*  d  on  l  h*  small  light 
i'S.'  g»ilj  V.  .  I  1.  1-  11.*..  tl  on  I  Is  I : : 1  g  •  .1  I  fdd  S-‘u  g.i'i.  Th*  v,"  11 

!  .  oi::1  ■uuiip*  .’  V,  I  s  "  *  l  ! '  i  ;  I. .  *  <:  t*:;  *  p  '  t  tl.  : -  J_  1 

1 ’!  *  :  * -I  *1  ;  ■  i .  -  .*  ■;.  ‘ol  L-... 
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1)  Propellant  gas  pressure  in  the  breech  of  the  gun 
will  be  measured  by  means  of  a  HAT  gauge  inserted  into  the  breech 
plug.  The  HAT  gauge  is  a  specially  designed  pressure  transducer 
consisting  of  a  hemispherical  shell  with  strain  patches  bonded  to 
the  inner  wall  of  the  hemisphere.  The  transducer  has  a  high 
frequency  of  response  and  a  linear  calibration.  Further  inform¬ 
ation  on  this  transducer  is  contained  in  Reference  11* 

2)  Helium  pressure  will  be  measured  by  means  of  a  piston 
type  strain  gauge  similar  to  that  used  in  the  small  gun.  The 
laboratory  is  investigating  other  types  of  pressure  transducers, 
but ,  so  far,  none  have  met  our  requirements. 

3)  Piston  position  and  velocity  will  be  measured  by 
means  of  magnetic  probes  placed  along  the  bore  of  the'  pump  tube. 
Of  importance  will  be  the*  positions  where  the  piston  starts  to 
move?  and  the  position  where  the  piston  stops  or  reverses  its 

!!  l  >  t  it'll. 


1 )  Project lie  postion  will  be  measured  by  means  of  the 
microwave  i  nterlVi’ometor  described  earlier,  Some  *  I  Tori-  will  L 
expend'  d  in  developing  an  interferometer  which  i  “upahi-  of 
penetrating  the  layer  of  j united  gases,  which  build  up  all-  ad  of 
the  prof)ectil«*  even  when  the  launch  tube  is  evacuated. 

0)  Muzzle  velocity  of  the  projectile  w ill  lie  determined 
in  a  especially  designed  vacuum  range  equipped  with  optical  velocity 
measuring  equipment.  This  range  shown  in  Figure  23  is  capable? 
of  being  pumped  down  to  a  V)  micron  vacuum.  The  range?  has  five 
optical  viewing  port;;,  four  of  which  are  us**d  with  l  h-  optical 
velocity  measuring  equipment.  This  equipment  similar  to  that 
described  in  Reference^  uses  a  series  of  lights,  lenses  and 
mirrors  to  project  shadows  of  the  project LL*  on  the  film  of  a 
streak  camera  as  i t  passes  each  viewing  port. 

Predicted  performance  of  this  gun  using  the  mass  point  pro¬ 
gram  has  given  indications  that  this  gun  is  capable  of  accelerating 
1  gram  aluminum  projectiles  to  velocities  in  the  20,000  -  30,000 
f/s  range  without  exceeding  the  200,000  psi  maximum  pressure  rating 
of  the  high  pressure  section.  Later  on  in  the  program  it  is  planned 
to  use  tapered  transition  sections  and  compressible  pistons  in  an 
attempt  to  exceed  the  30,000  f/s  velocity  mark. 
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DISCUSSION 


Theoretical  work  on  the  Interior  ballistics  of  light  gas  guns 
indicate  that  it  is  possible  to  attain  projectile  velocities  higher 
than  30,000  I’/s.  Velocities  of  40,000,  50,000  f/s  or  higher  should 
be  possible  bui  only  by  greatly  increasing  the  pressures  and/or 
temperatures.  The  constant  pressure  followed  by  characteristic 
expansion  theory  n*  eds  to  be  backed  up  by  computer  runs  using  the 
mass  point  theory  to  give  the  former  theory  some  connection  with 
reality  and  to  indicate  to  the  engineer  what  type  of  gun  would  be 
needed  to  attain  these  supervelocities. 

The  mass  point  commit er  program  needs  further  improvement 
in  the  removal  of  the  ideal  gas  assumption,  which  works  well  for 
helium  but  would  give  unrealistic  results  for  hydrogen.  In  addil.io) 
some  consideration  should  be  taken  in  this  program  for  heat  loss 
from  the  hot  gas  by  radiation  and/or  convection  to  the  walls.  This 
is  expected  to  he  of  importance  as  the  light,  gas  temperature  is 

i  11  •  ■  r«  -a;  ;■  ii  • 

Good  agreement  between  the  theoretical  computer  run:',  and 
'•x  peri  mental  results  Ju'V'e  bin  obtained  for  l.h-  small  low  jx  r- 

fominne.-  light.  gas;  gun.  The  "wire  point  program  1 1* » : ■  b(,<  n  pari  :(,u~ 
larily  useful  in  predicting  some  of  the  complex  pressure  wave 
phenomenon  observed  in  tills  gun.  Replacement  of  the  small  gun 
with  tin*  larger  higher  performance  light  gar;  gun  should  enable 
one  to  extend  th«*  theory  verification  to  higher  performance  guns. 
Any  necessary  modifications  to  the  theory  will  be  marie  in  com¬ 
paring  theory  with  experimental  results. 
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BALLISTICS  OF  LIGHT  GAS  GUNS 
APPENDIX  I 


ADIABATIC  COMPRESSOR  MODEL 


The  assumptions  used  in  this  model  are  as  follows: 

1)  Ideal  gas  with  constant  specific  heat. 

2)  Frictional  loss  in  the  pump  tube  and  launcher  tube  are 
considered  to  be  a  function  varying  with  piston  or  projectile  travel. 

5)  Frictional  losses  between  the  light  gas  and  bore  surfaces, 
including  the  transition  section  are  assumed  to  be  negligible. 

Ij-)  Heat  loss  from  the  light  gas  to  the  pump  tube,  transition 
section,  and  launch  tube  is  assumed  negligible. 

5)  Pressure  of  the  gas  propelling  the  piston  is  governed  by 
conventional  interior  ballistic  equations. 

6)  Light  gas  velocity  in  the  pump  tube  and  launch  tube  is 
assumed  to  be  some  arbitrary  fraction  of  the  pis  tun  velocity  and  pro¬ 
jectile  velocity  respectively. 

7)  Light  gas  velocity  in  the  transition  section  between  the 
pump  tube  and  the  launch  tube  is  assumed  to  be  either  subsonic  or  sonic 
d<r pending  1qx.1t]  the  pressure  gradient  between  pump  tube  and  launch  tube. 

In  this  model  we  set  up  three  thermodynamic  systems: 


System  I* 

This  system  includes  the  propellant  gas  and  a  moving  piston 
of  weight  v  .  The  piston  does  work  against  a  frictional  resistance 

pressure  and  a  light  gas  pressure  P  . 

In  this  system  it  is  assumed  that  conventional  interior  ballistic 
equations  will  hold. 


System  2: 

This  system  includes  the  light  gae  only  from  the  face  of  the 
piston  to  the  inlet  of  the  nozzle.  Work  is  done  on  the  light  gas  by 
the  motion  of  the  piston*  If  the  piston  reverses,  then  the  system  will 
include  the  piston  with  the  light  gas  doing  work  on  the  propellant  gas. 
There  are  two  limiting  cases  to  this  system: 

a.  the  light  gas  has  a  uniform  velocity  V  (velocity  of  piston 
face)  or-- 

b.  the  light  gas  has  no  velocity  (V  -  0).  When  the  projectile 
starts  moving,,  heat  and  mass  are  lost  through  the  nozzle. 
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System  J; 

This  system  includes  the  light  gas  and  projectile  of  weight, 

from  the  nozzle  exit  to  the  face  of  the  projectile.  As  in  System  29 
there  are  two  limiting  cases  to  this  system: 


The  light  gas  has  a  uniform  velocity  (velocity  of  projectile) 
or  the  light  gas  has  no  velocity  (v^  =  O).  The  light  gas  does  work 
against  a  frictional  resistance  pressure  p 


Tn  the  System  2  the  energy  relationship  is: 

wl  +  fell 

Lof 


Change  in  kinetic  eneriQr  |  +  |  Change  in  Internal ~J 
of  system  {energy  of  system  j 

>  jRnti*  of  work  / 

Idono  ijy  system  I 

f  the  enerr 

Change  in  kinetic  / 

(■n of  system  j 


n 


LJ 


Rate  of  h*»nt  ^1 
lost  from  systin.  [ 


In  System  $  the  onercy  relationship  is: 

I  Change  in  internal 
energy  of  system 

7] 


|  Rate  of  work 
I  done  on  system 


Knl-o  of  work 
done  by  systc 


Rate  of  heat  gained 
by  system 


In  {Jyatem  C: 


/Change  in  kinetic  energy  / 
lof  system  J 

[Change  in  Internal  energy  I 

of  system  J 

[Rate  of  work 
done  on  system 

[Rate  of  work  done 
by  system 

n 


i 


V'  dm  » 


u  dV 
tn  V  -rr* 
p  dt 


=  m_  JC^  dT_  =  m_  R  dT 

Tm  mr 


dt 


Ul  i' 

(^TTm 


A  d 


■J 


i 


p  dx 
6 


A  p 
P  E 


n 


I  Displacement  through  / 
\  nozzle  J 


r  v 

.s  P 

m 

P 


dm 

* 

dt 
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Piston  motion  on 
reverse! 


+ 


w  V 
P 


dV 

dt 


Rate  of  vork  against  propellant 


pressure  on  reversal 


Rate  of  heat  lost  by  system! 
to  launcher  tube 


i 


=  A  p  V 
P  P 


dm „ 


dt 


J  C  T 
v  p 


-RT  dm . 

_ £  _ i 

(7-1)  M  dt 


Writing  out  all  the  terns: 


1) 


.f2  dm  m  ,, 

v  P  ,  p  V  (IV 

2g  dt  g  dt 


m  R  dT 
P  P 

17^1  )M  dt 


A  p  V  p  V 

p  e  +  li 


dm  . 
A 

dt 


v  V 

Ja  S  +a  P  v 

g  dt  P  P 


upcrs  reversal  uuly 


m  <ku  ^ 

T7^i)m  .nr 


Rearranging  Uie*  equatiun; 


2) 


dT 

V  _ 

T 

P 

,  fM  (7-1)"^  V2 

p  V  V 

G  P  ^ 

(7-l)M 

dt 

m  dt 

P 

V  R  /  \  2|J 

m  > 
P 

*  R 

A 

I1 


P  V 


V 


-<l  ID  - 


upon  piston  reversal 


A  term  \  has  been  added  in  equation  (2)  0  <  A  <  1 
if  ^  =  0  then  the  gas  is  not  moving  in  the  pump  tube. 


If  fc  =•  1  then  the  gas  in  the  pump  is  moving  at  the  velocity  of  the 
piston. 
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In  System  7y. 


2 

dmrt 

v  dv 
g  dt 

r,  i 

Change  in 
energy  of 

kinetic 

system 

Jo 

dt 

[X“i  +  W£  J 

Change  in  Internal 
| energy  of  system 


m .  J  C  dT 
St  v  _ £ 

dt 


^  R  dT^ 

^7-i)m  at 


Rate  of  work  done  by 

system  on  frictional  resistance 


L, 


A.  p 
i  r  „ 


(Rate  of  heat  gained  hy 
system  from  pump  tube 


dm  J  C  T  RT  dm. 

_ i  v  p  _  _ £ 

dt  =  (y-l)M  dt 


Writing  out 

the  entire 

equation: 

5)  X’  v2 

dm. 

,  fi  ...  1 

dv  j  \* 

2g 

dt  g 

dt  l 

RT 

dm. 

St 

dt 

1  m.R  dT 

w.J,  i  _ l 

if  at 


Rearranging  and  solving  for  dT^/dt: 


V 


4) 

i 

dt 

1 

dv 

h 

£ 

dt 

Equation  (4)  thus  is  the  energy  equation  used  for  system  3,  the 
region  between  the  end  of  the  nozzle  and  the  base  of  the  projectile. 
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For  the  nozzle  itself  an  equation  is  used  to  determine  the  mass 
flow  rate  of  the  gas  between  the  pump  tube  and  the  launch  tube.  This 
mass  flow  rate  depends  upon  the  pressure  at  the  pump  tube  side  ox  the 
nozzle  (upstream  side)  and  the  pressure  in  the  launch  tube  (down 
stream  side).  It  is  assumed  that  the  gas  flow  through  the  nozzle  is 
similar  to  that  through  a  rocket  nozzle ,  that  is,  the  flow  is  pseudo¬ 
steady  state  and  that  depending  upon  the  pressure  differential,  flow 
is  either  subsonic  or  sonic* 


The  mass  flow  rate  through  a  nozzle  is: 
am ,  A  Pgl 


5) 


dl 


2g  l 
(7-1) 


for  subsonic  flow: 


\  -  >  * 


for  sonic  flow: 


=  I>*  -  P 

& 


( 


2 

7+1 


7 


7+1 

) 


The  complete  set  of  equations  used  in  the  program  are  as  follows: 

For  the  pump  tube: 

Equation  of  energy:  upon  piston  reversal 


- - - - - - - - N 


upon  projectile  motion 
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Equation  of  mass  conservation: 


7) 


m 

P 


m 


i 


Equation  of  State: 


8>  U 

vg 


where :  v 


A  (x  ~x) 
p  m 


Equation  of  Piston  Motion: 


9) 


dV 

dt 


Apg 


b  - 


10) 


dX 

dt 


=  V 


For  the  launch  Tube: 
Equation  of  Energy: 

/ 

dm 


n) 

dt 


t 


dt 


RT „ 


W 


p  - 


>(y~l)M  1r 
R  2g 


P  v 

^  i 


Equation  of  State: 

m  T! 

12)  P.  = 


r  ~ 

l  A„  P  .  .. 

i  .  M  P  v\ 

)  i  r  1  dv 

in'  /  i  ,  i 

1^8  dt 

L  Rh  J 

S) 


Equation  of  Motion: 

dv 
dt 


13)  &  - 


A£Q 


(Pi- 


cbc 

P  )  — - 

rr/  dt 


Equations  (5)  through  (l^)  are  used  as  an  option  in  a  general 
multigran  gun  program  described  in  Ref.  '9),  Generally  it  can  be  said 
that  computation  on  the  light  gas  gun  option  takes  place  in  the  general 
program  after  motion  of  the  piston  is  computed. 
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APPENDIX  II 


Maes  Point  Model  (Richmyer-Von  Neuman  "q,"  Method) 


The  assumption  used  with  this  model  are  as  follows : 

1)  Ideal  gas  with  a  constant  specific  heat. 

2)  Frictional  losses  In  the  pump  tube  and  launcher  tube  are 
considered  to  be  a  function  varying  with  piston  or  projectile  travel. 

5)  Frictional  losses  between  the  light  gas  and  bore  surfaces, 
including  the  transition  section  are  assumed  to  be  negligible. 

*i)  Heat  loss  from  the  light  gas  to  pump  tube,  transition 
section,  and  launcher  tube  is  assumed  negligible. 

5)  Pressure  of  the  gas  propelling  the  piston  is  governed  by 
conventional,  interior  ballistics  equations. 


Thr»  partial  dtf'fV? rentin'!  equations  uce-.t  in  describing 

the  muss  point  flow  have  been  described  by  Richinycr^^  uiul  will  nut 
be  repeated  here ,  Thcae  equations  are  converted  to  the  following 
finite  difference  equations: 


J)  t" ' 1  -  x"  lilfS 


A  t 


U  U 


u  i  1  n 


A  t 


i  -  1/2  J 


5)  <7,/, 


1  \  n  +  1 
+ 1/2 


_i__  W> 
J 


r 

.,11  \)  M  .  11 
J  +  1/2  “  Aj  -  l/2  11  j  +  1/2 


n  4  1 
Kj  +  i 


■  ‘3 


/  (  2a2  \  /  n  +  1  n  +  A2 

<  V  «  Ixa  i  \  : _ !j _ L 

(VJ  +  1/2  *  *  1/2) 

0 

V. 


if  <u“ 
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5)  E1 


,n  +  1  „n  _  /Dn  +1  n  +  1 

J  +  1/2  "  E  }  +  1/2  f  PJ  +  1/2  *  P  ,i  +  1/2  qj  +  1/2 

2 


■ 

6>  - 


""j  ♦  ^  -  ° 


^ :  L 

v"  +  1 ' 

J  +  1/2 


_n  +  1 


Substituting  Equation  (6)  Into  (5)  and  solving  for  ^  ^/0  gives: 
„n  +  1 


J  +  1/2 

Dt  +  1  \  /TTH  +  1 


,,v  „n  +  1  „n  ,  r  r»n  ^  n*  +  1  \  ,Trn  +  1  .jn  \ 

^  Ej  t  l/2  “  E  .1  +  1/2  *  ^*5  P  j  *  1/2  q,l  +  l/aj  ^  ,i  +  1/2  ~  V,1+l/g^ 


jj 

To  insure  computability  with  the  interior  ballistic  equations 
which  arc  ordinary  differential  equations;  equations  (l)  and  (?)  were 
converted  into  ordinary  differential  equations  which  then  could  be 
solver,  uy  a  modified.  Euler  integration  lcciinique»  The  new  foi'/jiu-Lutlun 
for  these  equations  are: 


o 


+  1  .nil 

-  du. 


<,  -  w 


y)  dx^ 


n  +  1 


dt 

for  j 
n  +  1 


1,  2, 


dt 


for  j  «  0,  1,  2 


We  need  two  other  equations  to  complete  the  boundary  con¬ 
ditions*  One  of  these  is  the  piston  equation; 


10) 


-  A 


6  P.  -  (P  +  P?  /rj 
o°  J_  b  v  r _ 1/2  J 


The  other  is  the  projectile  equation: 

11)  +  1  "  Al8  -  1/2  ~  ?rj  ^>1/2  2  Ps 


When  -  1/2  <  Pa 
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The  time  step  used  in  the  solution  of  these  equations  has  to 
be  redetermined  at  the  end  of  each  integration  step  so  as  to  insure 
stability  of  the  computations.  The  stability  equation  used  is  that 
recommended  by  Richmyer: 

12)  At  =  (L„  p  )  V  "  +  1 

'  't  er  m 

P 

Where : 


co  =yy  gP^  +  ^  V^n  a  velocity  of  sound  at  maximum  pressure 

In  the  computer  code  the  equations  are  Bolved  in  the  following 
order:  (JO),  (ll),  (^)  >  (9)?  (3),  00  j  (Y),  (6).  Aquation  (.10)  Lr,  the 
connecting  link  between  the  interior  ballistic  equations  mentioned  in 
to) 

reference w  '  and  the  light  gas  gun  equations  mentioned  here  since  P,  , 
the  px'essiu'e  on  the  base  of  the  projectile  has  to  be  determined  by 
the  interior  ballistic  equations  for  a  gun. 


BALLISTICS  OF  LIGHT  GAS  GUNS 
APPENDIX  III 


A  Constant  Base  Pressure  Gun  Followed  by  Infinite  Chamber 
Adiabatic  Expansion  from  a  Moving  Chamber 


ASSUMPTIONS: 

1.  The  gun  chamber  moves  at  the  same  velocity  as  the  projectile 
up  to  a  velocity  v^.  The  chamber  then  maintains  velocity  until 

projectile  ejection, 

2,  The  motion  of  the  projectile  after  attaining  velocity  will 

follow  that  of  a  characteristic  expansion  (chamber  appears  to  be  of 
infinite  extent  to  the  projectile)  until  ejection  from  the  gun  barrel. 

At  the  projectile  has  traveled  a  distance  under  constant 
nr os cure: 

1)  Lj_  -  -  P  *  VI  v<2 

?g  PA  2g  V  2g  P 

At  (ejection  velocity  of  the  projectile)  the  base  of  the  chamber 
will  have  moved: 

2)  AL  =  v^t  where:  t  =  time  for  base  of  projectile  to  move 

from  to  L 

At  ejection  the  projectile  will  have  a  velocity  relative  to  the 
chamber  base  of  v  •  Therefore  ejection  velocity  relative  to  the 

barrel  will  be; 

5)  v  =  v  +  v,  referring  to  figure  8  the  total  length  L.  from  face 
m  r  J.  t 

of  chamber  to  muzzle  of  fire  is  initially 

4)  *  L  +  Lq  Where:  L  =  projectile  travel  length 

Lq  -  chamber  length 

When  the  projectile  is  ejected  with  a  velocity  vm: 
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5)  I+c  =  L1+AL  +  L  +x 


where:  =  distance  projectile 

(or  chamber)  moves  under 
constant  pressure  conditions 


AL  =  distance  piston  fact  traveled 
at  constant  velocity 

x  =  projectile  travel  by  means 
of  characteristics 
expansion. 

Equating  equations  (4)  and  (5)  we  have: 


6)  L  =  +  AL  +  x 


solving  for  x  we  have: 

7)  X  =  L  -  (Lt  +  AL) 

0)  -•  L  and  AL  -  k0L 

Therefore : 

9)  x  =  L  (kj(L)-  k2L  =  L  (1  -  kx  -  kg) 

The  equation  for  an  characteristic  expansion  from  an  infinite  - 
bore  diameter  chamber  is: 


10)  v  =  u  a 
'  r  a 


ll)  t  =  wa  t 
_ o 

PA  g 


too  t 
g 


P  t 
p  g 


12)  x  «  waQ2  x 
P  A  g 


.  2  - 

P  la0  x 

P  g 


P  toQ2  x 

P  6 


where : 

13)  x  = 
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lh)  t 

i — 1  <  5 

i  + 

ii 

2a 

15)  aQ 

0 

7  “  ■ 

Solving 

for  v1: 

16)  V, 

rj  £g_ 

X 

p 

7  +  1 


T 


7  g  R  T 

M 


.yS7^T| 


17)  X  =  at* 


p  s  K 


p  to  a 


o 

where:  k. 


1  ‘  kl  “  k2 


lft)  u  =  f  (x)  u  can  be  obtained  by  interpolating  in  u  lubie  of 
u  and  r 

19)  T  »  f  (u)  from  equation  (l^) 

Now  time  of  projectile  motion  during  characteristic  expansion 
is  from  equation  {ll)  and  (2): 


20)  t 


p  i  aQt 
"P  g 


AL 

V, 


k2  L 


Solving  for  v^: 


21)  vx 


After  some  manipulation: 
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where:  k  =  1  -  k,  ;  L*  =  -  „  :  a  =  —  j  b  =  2  g  P 
o  3  p  Jt  o  x  o 


Then: 

23)  kx  =  ko  -  k2 

To  solve  this  problem  we  have  given:  P,  ^  ,  T,  7,  M,  and 

We  then  solve  equations  (l5)>  (l?)>  (l8) ,  (l9)>  (22),  (25) ,  (l6) ,  (10) , 
and  (5)  numerically  in  sequence: 

If  k2  =  0  and  k-  =  1.0  we  then  have  the  limiting  case  of  a 

5  1 

constant  base  pressure  gun. 

If  kv  =  1  we  have  the  limiting  case  of  a  characteristic  expansion 


only. 
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GLOSSARY  OF  SYMBOLS 


Equations 


Symbol 

Units 

where  found 

A 

Cross  sectional  area  of  launcher  bore 

.  2 
in 

1 

A1 

Cross  sectional  area  of  piston  base 

.  2 

m 

1 

A2 

Cross  sectional  area  of  piston  face 

.  2 
in 

1 

al 

Acceleration  of  piston  base 

ft/sec^ 

A 

Cross  sectional  area  of  piston 

.  2 
in 

1-1 

P 

A* 

Cross  sectional  area  of  projectile 

.  2 
in 

f— i 
i 

A 

Initial  cross  sectional  area  of 

.  2 
in 

II-2 

o 

pump  tube 

A(x) 

Cross  sectional  area  of  gas  segment, 
function  of  position 

o 

in' 

II-2 

a 

Viscous  correction  constant 

IX- A 

n 

Acceleration  of  j  gas  segment  at  time  n 

•  /  2 
in/sec 

II-H 

a 

o 

Sound  velocity 

Cv 

Specific  heat  at  constant  volume 

En 

J 

Internal  energy  of  j  segment  at  time  n 

in  -  lb 

} — $ 

H 

i 

VJl 

lb 

F1 

Force  on  piston  base 

lb 

F2 

Force  on  piston  face 

lb 

S 

Gravitational  constant 

32.2  ft/sec 

2 

i 

Mechanical  energy  equivalent 

L 

Length  of  launcher  bore 

ft. 

t 

Projectile  length 

in 

Lf 

C our ant  number 

II- 12 

m 

P 

Mass  of  iris  ton 

slugs 

6 

iii 

p 

Mas;:-  of  ran  In  pump  tube 

lb 

1-1 
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Symbol 

Units 

Equations 
where  found 

m  o 

P 

Initial  mass  of  gas  in  pump  tube 

lb 

1-1 

Mass  of  gas  in  launch  tube 

lb 

1-1 

P 

Pressure  behind  projectile 

lb/in 

Vb 

Pressure  behind  piston 

lb /in2 

P„ 

i 

Frictional  pressure  on  piston 

lb/ in2 

pe 

Pressure  of  gas  in  pump  tube 

psi 

1-1 

p'« 

Frictional  resistance  pressure  on 
projectile  in  launch  tube 

7—2 

in 

1-5 

\ 

Pressure  in  throat  of  transition  section 

in 

i-r; 

p, 

Pressure  in  launch  tube 

lb/in2 

1-5 

Jfc* 

Pressure  in  throat  of  transition 
section  at  sonic  velocity 

m 

1-5 

n 

p . 

J 

Pressure  in  j  gas  segment  at  time  n 

lb/  in 

11-2 

P 

S  Q 

Shear  pressure  for  projectile 

psi 

n-11 

ip 

m 

Maximum  pressure  in  pressure 
profile  at  time  n 

psi 

n 

Viscous  pressure  in  j  gas  segment 
at  time  n 

lb/in2 

ii- 2 

R 

Gas  constant 

in  -  lb 

mole  - 

1-1 

°K 

TP 

Temperature  of  gas  in  pump  tube 

*K 

1-1 

Temperature  of  gas  in  launch  tube 

°YL 

1-5 

At 

Incremental  time  step 

sec 

II-l 

t 

Travel  time  for  a  projectile  in 
characteristic  expansion 

sec 

III-ll 

I 

Dimensionless  travel  time  for  a 
projectile  in  characteristic  expansion 

HI-15 
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Equal,  lone 


Symbol 

Units 

where  foun 

n 
u  . 

J 

Velocity  of  j  gas  segment  at  time  n 

in/sec 

II- 1 

V 

Projectile  velocity 

f/s 

V1 

Velocity  of  piston  base 

f/s 

V2 

Velocity  of  piston  face 

f/s 

V 

Piston  velocity 

in/ sec 

1-1 

V 

Projectile  velocity 

in/sec 

1-5 

V 

6 

Volume  of  gas  in  pump  tube 

in5 

1-8 

v1! 

j 

Specific  volume  of  j  gas  segment  at 
time  n 

in5 

"lb 

II-5 

„n 
'  m 

Maximum  sped  Pic  volume  in  fr.ns  profile 
at  time  n 

in5 

lb 

11-15 

V 

r 

Pro  jed  i.lr*  velocity  by  « 
characteristic  expansion 

ft /sec 

III- 10 

V 

Projectile  weight 

lb 

V 

P  _ 

piston  weight 

lb 

i-i 

vz 

Projectile  weight 

lb 

1-5 

xi 

Travel  of  piston  base 

in 

X2 

Travel  of  piston  face 

in 

X 

Piston  travel 

in 

I- 10 

Xe 

Projectile  travel 

in 

1-15 

n 

XJ 

Displacement  of  J  gas  segment 
at  time  n 

in 

II- 1 

X 

Dimensionless  projectile  travel 
under  characteristic  expansion 

III-15 

SO 
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GREEK  SYMBOLS 


Symbols 

Units 

Equations 
where  found 

Escape  speed  of  projectile  under 
characteristic  expansion 

ft/sec 

III-15 

y 

Bate  of  specific  heat  of  gas 

p 

Projectile  or  piston  density 

lb/in5 

po 

Initial  gas  density  in  pump  tube 

lb/in5 

II-2 

x 

Ratio  of  gas  velocity  in  pump  tube 
to  piston  velocity 

1-2 

x1 

Ratio  of  gas  velocity  in  launch 
tube  of  projectile  velocity 

1-2 

AJ) 

Initial  length  of  gas  segment  in 
pump  tube 

in 

II-2 

BALLISTICS  OF  LIGHT  GAS  GUNS 


TABLE  V 
Ini  tial 


R  ou  iul 
Number 

Propellant 
Chargu  (GM) 

Helium 

Press 

(psi) 

Projectile  Shot  Start 
Pressure  (psi) 

Shear  Exptl.  Theory 

Projectile 
Weight  (GM) 
Exptl.  Theory 

2i 

45.  0 

800.  0 

IQQ00.  HOOD.  12200. 

4.  99 

6.  on 

25 

55.  0 

800.  0 

10000.  11000.  12200. 

4.  89 

5.  00 

26 

55.  0 

80U.  0 

20000.  25023.  24400. 

4.  96 

5.  00 

27 

55.  00 

800.  0 

20000.  24451.  24400. 

4.  80 

5.  00 

28 

60.  0 

800.  0 

20000.  .  24400. 

4.  93 

5.  00 

2 ‘I 

60.  0 

800.  0 

20000.  23540.  24400. 

4.  86 

5,  00 

30 

66.  0 

800.  0 

20000.  23899.  24400. 

4.  92 

6,  00 

10 

66.  0 

KOO.  0 

2O00O.  21369.  24400. 

4.  92 

5.  no 

Round 

Number 

Mu/.y.le  Vision 
Kxpll.  Adiab. 

ity  (f/s) 
Mass  Pi. 

Max.  Propellant  M. 

Pressure  (psi)  Pr 

Kxpll.  Theory  Exp 

minum  Helium 
unsure  (psi) 

41,  Adiab.  Mass 

24 

4985.  5799. 

8022. 

7176. 

19665, 

1  8422, 

26 

5640.  6273. 

8770. 

9045. 

26936. 

27238. 

26 

6344.  7002. 

7243. 

9048. 

9046. 

31 164. 

31429. 

46198. 

27 

.  7002. 

9126. 

9046. 

31  182. 

31429. 

28 

7124.  7304. 

9961. 

10053. 

42284. 

3654  8. 

29 

6874.  7304. 

15347, 

10053. 

40770. 

36548. 

30 

7494.  7585. 

19430. 

11142. 

39868. 

42761. 

40 

7573.  7731. 

8765, 

17964. 

18169. 

49690. 

53885. 

117457. 

light  gas  gun  adiabatic  compression  model 
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VARIATION  OF  MAXIMUM  HELIUM  PRESSURE  AMO  MUZZLE  VELOCITY 
WITH  PISTON  HEIGHT  AMO  PROPELLANT  CHARGE 
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ABSTRACT 

Two  main  modifications  of  the  free  piston  compression 
heater  have  been  considered  for  improving  the  performance  of 
hypervelocity  launchers  and  gun  tunnels.  To  be  able  to  pre¬ 
dict  the  performance,  analyses  of  the  shock  heating  and  the 
peak  pressure  generation  including  outflow  of  gas  have  been 
made.  The  conclusions  from  the  analyses  are  that  shock 
heating  of  hydrogen  by  means  of  a  light  piston  at  present 
seems  very  inefficient,  that  isentropic  heating  of  the  pump 
tube  gas  using  a  very  high  compression  ratio  would  make  it 
possible  to  launch  very  light  projectiles  at  velocities  of 
up  to  about  50,000  ft/sec,  and  that  for  gun  tunnels,  stagna¬ 
tion  temperatures  of  up  to  about  5500  °K  would  be  possible  to 
obtain  using  hydrogen  as  driving  gas. 
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Symbols 

P 

P 

V 

T 

R 

a 

u 

U 

I  “  Vcv 

n 

M 

Z 

H 

E 

S 

x 

L 

A 

D 

m 

t 

je 


Pressure 

Density 

Specific  volume 

Absolute  temperature 

Universal  gas  constant 

Sound  speed 

Particle  velocity 

Piston  or  projectile  velocity 

Ratio  of  specific  heats 

Number  of  kilomoles 

Molecular  weight 

Compressibility 

Specific  enthalpy  per  kilomole  of  initially  un¬ 
dissociated  gas 
Specific  energy 
Specific  entropy 
Distance  along  tube 
Length  of  tube 
Cross-section  area  of  tube 
Diameter  of  tube 
Mass  of  piston  or  projectile 
Time 

Length  of  gas  layer  that  flow3  out  of  the 
chamber  during  time  At 


Indices 

a  Driver  gas 

5  Immediately  behind  the  piston  or  the  projectile 

r  Properties  of  working  gas  at  room  temperature 

(290  °K)  and  atmospheric  pressure 
o  Initial  conditions  In  main  barrel,  or  physical 

properties  of  main  barrel 
10  Accelerating  section 


COMPRESSION  HEATER  PERFORMANCE 
i  Launch  tube,  projectile 

n  Conditions  in  main  barrel  after  the  passage 

of  the  nth  shock  wave 

oo  Conditions  in  front  of  the  piston  when  this  has 

come  to  rest  with  the  same  pressure  on  both  sides 
M  Peak  conditions 

*  Sonic  conditions 

p  Piston 

s  When  the  projectile  is  released 

t  When  the  projectile  leaves  the  launch  tube 


Dimensionless  Variables 


U 

u 


a 


P 

T 

H 

h 

E 

e" 

s 

°r 

x 

t 

X 

r 

B 


U/aa 

u/aa 

a/au 


I’/l’a 

T/T  **  T/290 
H/RT 

h  •  T  *=  H/RTr 
E/RT 

E  •  f  *=  E/RTr 


S/R 

Pn/pn-i 

(PaAox)/(mp  ■  <£) 

(PaAot)/(mp  • 


VAo 

12/C-y  +  1)1 


Average  value  of  (p/Ps) 


-(irO/a-y 


compression  heater  performance 


rl^Ig/do  -  xs)pa 
(2  —  -y)Aj  r2  Bs  a®/(Lo  “  x  )p 


s'  rs 


1  - 


1.5 


2  +  (10) 
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INTRODUCTION 

Gas  compression  by  means  of  a  free  piston  has  been  used 
a  long  time  for  producing  high  pressure,  high  temperature 
gases.  Two  well-known  applications  of  this  technique  are  the 
gun  tunnel  and  the  two-  (or  three-)  stage  hypervelocity 
launcher.  In  the  gun  tunnel  air  is  heated  for  driving  a  hy¬ 
personic  nozzle;  in  the  launcher,  helium  or  hydrogen  is  com¬ 
pressed  to  form  a  driver  for  a  light  projectile.  In  both  of 
these  cases  it  is  desirable  to  reach  as  high  a  temperature  as 
possible.  The  reason  for  this  is  to  be  able  to  simulate  real 
gas  effects  (dissociation)  in  the  hypersonic  flow  for  the  gun 
tunnel  operation,  and  to  create  higher  sound  speed  which  will 
give  a  higher  projectile  velocity  in  the  launcher. 


The  mai  parameters  that  affect  the  final  temperature 
during  a  rapid  compression  arc  the  compression  ratio  p^/po > 
the  piston  velocity  divided  by  the  sound  speed  in  the  undis¬ 
turbed  gas,  U/a^,  and  the  initial  temperature  Tn ,  where  inde;; 
f  refers  to  the  final  state.  Tor  an  isentropic  compression  of 
a  perfect  gas,  the  final  temperature  is  given  by  Tf  ® 

T0(pf/ Po)  '  .  If  the  piston  velocity  is  high  enough  to 

create  a  shock  wave,  the  entropy  will  increase  and  the  final 
temperature  will  become  higher  than  for  the  isentropic  com¬ 
pression  with  the  same  value  of  P^/Po  and  T0 . 


Two  main  factors  will  limit  the  temperature  that  can  be 
obtained  by  free  piston  compression.  First,  the  shock  forma¬ 
tion  process,  discussed  below  and  in  Refs.  1  and  2,  makes  it 
impossible  to  fully  exploit  the  advantage  of  shock  compression 
in  a  conventional  free- piston  compression  heater.  For  high 
piston  velocities  the  final  temperature  can  be  considerably 
lower  than  would  be  expected  from  theories  not  taking  tuls  ef¬ 
fect  into  account.  Second,  due  to  the  kinetic  energy  of  the 
piston,  a  pressure  peak  will  occur  in  the  working  gas  when  the 
piston  is  brought  to  rest  at  the  end  of  the  barrel.  This  peak 
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pressure  must  be  limited  from  a  structural  point  of  view. 

Also,  the  piston  strength  itself  might  put  a  limit  to  the 
peak  pressure,  as  has  been  the  case  in  all  gun  tunnels 
so  far,  where  this  peak  value  has  been  considerably  lower  than 
reasonable  design  considerations  of  the  facility  would  indicate. 
Thus  certain  restrictions  have  to  be  made  on  the  different  pa¬ 
rameters  that  affect  the  performance  of  a  compression  heater. 

A  modified  use  of  the  compression  heater  is  suggested 
in  this  paper  to  eliminate  the  entropy  gradient  in  front  of 
the  piston  and  to  be  able  to  use  peak  pressures  in  gun  tunnels 
of  the  same  order  as  those  currently  achieved  in  launchers. 
Calculations  of  the  performance  indicate  that  final  temperatures 
of  about  500U  °K  could  be  obtained  in  gun  tunnels,  using  helium 
at  20UU  atm  as  the  driving  gas.  For  launchers  employing  hydro¬ 
gen  as  working  gas  it  is  shown  that  it  is  unrealistic  to  con¬ 
sider  shock  heating  by  means  of  a  piston.  by  using  prdujaled 
hydrogen  and  high  pressure  ratios,  the  calculations  indicate 
thuL  velocities  of  up  to  5u,0UU  ft/ sec  could  he  obtained  with 
light  project  1.1  os . 

CONSIDERED  MODIFICATIONS  OF  THE  COMPRESSION  HEATER 

If  the  piston  is  accelerated  directly  into  the  working 
gas,  see  Fig.  1,  a  shock  wave  with  increasing  strength  will  be 
formed  ahead  of  the  piston.  A  lamina  in  the  working  gas  will 
be  heated  first  non-isentropicall y  through  the  shock  wave  and 
then  isentropical ly  through  the  compression  waves  from  the  ac¬ 
celerating  piston,  see  Refs.  1  and  2.  Thus  an  axial  entropy 
gradient  with  a  corresponding  temperature  gradient  will  be  pro¬ 
duced  in  the  working  gas.  The  higher  the  piston  velocity  be¬ 
comes,  the  greater  this  entropy  gradient  will  be.  This  means 
that  the  advantage  of  shock  compression  cannot  be  fully  ex¬ 
ploited.  In  Ref.  I  an  evacuated  accelerating  section  was  sug¬ 
gested  for  the  piston  to  eliminate  the  entropy  gradient  in  the 
working  gas.  This  modification  of  the  compression  heater  will 
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be  considered  here  in  connection  with  the  launcher  and  the  gun 
tunnel . 

In  gun  tunnels  the  strength  of  the  piston  has  been  the 
main  limiting  factor  of  the  perf ormance .  For  those  light 
pistons  that  have  been  used  in  gun  tunnels  the  peak  pressure 
has  destroyed  the  pistons  at  pressures  of  the  order  of  500  to 
1000  atm.  A  modified  operation  of  the  gun  tunnel  will  be  con¬ 
sidered  in  this  paper  using  solid  heavy  pistons.  Such  pistons 
will  be  able  to  withstand  very  high  peak  pressures  (50,000  atm) . 
The  end  of  the  barrel  must  then  be  reinforced  to  the  same  de¬ 
gree.  The  modified  compression  heater  is  shown  in  Fig.  2  with 
corresponding  piston  and  shock-wave  histories. 

To  be  able  to  predict  the  performance  of  the  modified 
compression  heater  certain  details  of  the  history  have  to  be 
worked  out;  namely,  the  acceleration  of  the  piston  into  vacuum, 
the  shock  heating  and  isentropic  heating  of  a  real  gas,  and  the 
generation  of  the  peak  pressure  including  the  outflow  of  gas 
from  the  high  pressure  section.  These  problems  will  be  dealt 
with  in  the  following  sections. 

PISTON  ACCELERATION 

In  the  modified  compression  heater,  the  piston  is  first 
accelerated  into  an  evacuated  section  which  is  separated  from 
the  main  barrel  by  a  thin  diaphragm  (see  Fig*  2).  The  re¬ 
quired  length  of  the  accelerating  section  for  different  driv¬ 
ing  gases,  driving  pressures,  piston  masses,  and  piston  ve¬ 
locities  will  be  given  in  this  section.  This  has  been  done 
in  many  papers  before,  but  the  final  results  will  be 
presented  for  use  later  on. 

The  equation  of  motion  for  the  piston  is 


AoPs 


1  1 


d*x 

dt2 


(i) 
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or  in  dimensionless  variables 


where  the  pressure  in  front  of  the  piston  has  been  neglected 
as  well  as  the  friction  force  at  the  barrel  walls.  For  a 
driver  with  a  large  cross  section,  the  pressure  behind  the 
piston,  if  the  driving  gas  is  treated  as  a  perfect  gas,  Is 
given  by 

/  7  -  1  \  7a  1  _  /  2 

P*  -  V  forlIP 


Integration  of  Eq.  (2),  using  Eq.  (3)  gives  for  U 

v2/'(7a  +  n 


Figure  3  shows  x  as  a  function  of  Up  for  ya  -  1.40  and  1.66 
The  corresponding  driving  gases  are  assumed  to  be  air  or 
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hydrogen,  and  helium,  respectively. 


SHOCK  COMPRESSION 

Equations  and  curves  will  now  be  worked  out  from  which 
the  pressure  and  temperature  change  through  a  shock  wave  mov¬ 
ing  into  a  gas  of  known  state  can  be  iterated.  The  curves 
will  concern  air  and  hydrogen. 


The  conservation  equations  for  the  transition  through  a 
plane  shock  wave  are,  if  (n  —  1)  indicates  conditions  in  front 
of  the  wave  and  (n)  conditions  behind  the  wave 


H  -  11  . 

n  n-i 


(u 


"n-d 


p  +  p  , 

n  n-i 

P  -  P 
n  n-i 


(5) 


^n-i 


(u 


P  P 
n  n-i 

P  -  P 
n  n-i 


(ft) 


Ln  addition  Lo  Lhese  an  equation  of  state  is  needed  which  will 
be  written 

p  -  lj~  PZT  (?) 

r 

To  simplify  Eqs.  (5)  and  (6)  the  perfect  gas  expression  of  the 
sound  speed  at  room  temperature  aud  atmospheric  pressure  will 
also  be  used 


a2  .  IL.  T 
ar  yr  Mr  r 

where  Tr  -  2y0  °K.  Elimination  of  Pn 
(5),  (6)  and  (7)  and  Eqs.  (6)  and  (7), 
in  nondlmenslonal  variables 


(8) 

and  P  between  Eqs . 
n-i  ^ 

respectively,  gives 


n-i 


l) 


Zn-i  Tn-i 


1 1 1. 


(9) 
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where 


(10) 


liquations  (9)  and  (10)  may  be  written 


hn<hn-x' 


u  —  u 
n  n-i ' 


r ' 


z  .  t  ; 

n- 1  n-i 


where  u  —  u  ,  and  c  are  the  unknown  variables,  and 
n  n-i  n  ’ 


a  (7  , 
n  '  r * 


a  ,  Z  T  ,  ZT 
r'  n-i  n-i  n  n' 


where  u  —  u  ,  and  Z  T  are  the  unknown  variables.  Now,  from 
n  n--L  n  n 

the  definition  of  h  and  Z,  it  is  known  that 


h  =  h(T ,  p)  (11) 

and 

ZT  =  ZT(1‘,  p)  (12) 

i.e.,  "H  and  ZT  are  functions  of  the  state  in  the  gas  and  can 
be  found  with  the  aid  of  a  table  of  thermodynamic  propertiCvS 

of  the  particular  gas  of  interest. 

Equations  (9)  and  (10)  and  curves  from  Eqs .  (11)  and 
(12)  have  been  used  for  iterating  values  of  p  /p0  and  Tn  for 

repeatedly  reflected  shock  waves  in  air  and  hydrogen  according 
to  the  following  scheme,  starting  with  n  *  1: 

(a)  Choose  a  value  of  (un  —  )/  ar  and  p0 

(b)  Compute  from  Eq.  (9)  with  the  perfect  gas 
value  of  *3 

n 

(c)  Determine  Z^T^  from  Eqs.  (11}  and  (12) 
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(d)  Compute  from  Eq.  (10)  and  go  back  to  (b) 

(e)  Repeat  until  the  desired  accuracy  is  obtained. 

Determine  from  Eq.  (12) 

The  corresponding  curves  to  Eqs .  (11)  and  (12)  were 
prepared  from  data  by  Gilmore  (Ref.  3),  Hilsenrath  and 
Beckett  (Ref*  4),  and  Rosenbaum  and  Levitt  (Ref.  5).  For  air, 
Gilmore's  tables  were  used  whenever  possible  and  Hilsenrath 
and  Beckett's  only  when  needed  (for  lower  pressures).  For 
hydrogen  the  tables  were  extended  to  higher  pressures  using 
the  equations  and  curves  of  Ref.  5. 

The  results  of  the  calculations  are  given  in  Figs.  4 
and  5.  Figure  4  shows  the  pressure  and  temperature  behind  suc¬ 
cessive  shock  waves  in  air  for  different  initial  pressures  and 
temperatures .  The  same  data  for  hydrogen  with  the  initial  tem¬ 
perature  equal  to  290  °K  are  shown  in  Fig.  5.  Figure  4a  and  b 
have*  been  compared  with  curves  prepared  by  Stollery  (Ref.  6) 
and  a  reasonably  good  agreement  is  found.  The  deviations  are 
probably  due  to  the  high  pressure  effects  tnat*  are  included 
in  Gilmore's  tables  and  thus  do  not  show  up  in  Stollery’ s  re¬ 
sults  . 

PEAK  PRESSURE  WITH  OUTFLOW  OF  GAS 

Due  to  the  kinetic  energy  of  the  piston,  a  peak  pres¬ 
sure  will  be  produced  in  the  working  gas  when  the  piston  is 
brought  to  rest  at  the  end  of  the  barrel.  This  peak  pressure 
is  of  great  importance  both  from  a  structural  point  of  view  as 
well  as  for  the  launching  conditions  in  a  launcher. 

In  Ref.  S  the  peak  pressure  in  a  launcher  has  been  pre¬ 
dicted  by  augmenting  the  energy  in  the  working  gas  when  the 
piston  has  its  maximum  velocity  with  the  kinetic  energy  of  the 

piston  at  this  moment.  This  process  can  be  described  mathe¬ 
matically  by 


COM  PRK  SSI  ON  HEATER  PERFORMANCE 
(M)  (M) 

\  mpup'=  J  P  d(nV)  =  -  nr  f  p  dV  (13) 

(a)  (2) 

S=const.  S=const. 

where  it  is  assumed  that  the  entropy  remains  'Constant  during 
the  deceleration  of  the  piston  and  that  the  contribution  to  the 
peak  pressure  from  the  driving  gas  can  be  neglected.  It  is  al¬ 
so  understood  that  the  mass  of  the  energy  absorbing  gas.  n  •  M, 
remains  constant  throughout  the  process. 

Two  different  approaches  will  be  made  to  improve  Eq. 
(13).  First,  the  energy  of  the  driving  gas  will  be  taken  in¬ 
to  account;  second,  the  outflow  of  gas  will  be  included, 
neglecting  the  driving  gas. 

In  Eq.  (U;  an  extra  term  will  be  required  to  take  the 
uiiuLgy  of  the  driving  gas  into  account  and  this  term  will  he 
assumed  to  be  a  constant,  independent  of  U.  Thus 

(M) 

const.  +  *4  m  Uz  =  “  n  i  p  dV  (14) 

2  p  p  r  j  1  1 

(a) 

S«const . 

To  determine  the  constant  the  case  of  ~  0  will  be  suitable. 

In  this  case  it  is  known  that  the  maximum  pressure  will  be 

equal  to 

pM  "  \ - 2  J  Pa  *  p„ 

for  a  large  area  driver.  It  is  then  found  that 

(oo) 

"  -  "r  f  P  dV 

(E) 

S=const . 


1 


1  1 


const. 
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and 


U2 

P 


Prom  the  first  law  of 


(M) 

■=  “  n  /  |>  dV 

*■  *  / 

(oo) 

S=const . 

thermodynamics  it  is  seen  that 


(15) 


p  dV  =  -  dE 


since  dQ  -  0.  Furthermore,  the  mass  contained  in  the  barrel 
Is  n0M0  =  n^M  or  h0A0P0  from  which 

„  *  LsA£fl  s  KoAflPp  . 

r  Mr  R7.0T0  Mr 

where  the  equation  of  statu  has  also  been  used.  Tf  the  initial 
temperature  auci  pi.ossui.Uj  T0  ai.d  p0,  are  unl  t'v*  In  eh  if  is 
pos  s  i  h  I  o  to  wr  Lte 

7.^  -■  l.o  and  Mrt  “  M 

r 


Equation  (If))  can  then  he  rewritten 
(M) 


77  in  U*"*  - 
I  p  p  Ki-o 


u  =-  LdA 


RT..  U'M 


(00) 

S-const . 


const . 


or  in  dimensionless  form 


-  -  >  UdT- 

(eM  -  e  )_  ■  -f:  _ 

S*  const.  2LQPC 


(lb) 


Equation  (13)  can,  in  the  same  way,  be  written 


(eM  -  e2) 


T5=const .  2L0p0 


(17) 
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The  dimensionless  energy  e  =  E/RT  is  a  state  function  and  is 
plotted  vs  entropy  for  air  and  hydrogen  in  Figs.  6  and  7,  re¬ 
spectively  . 

To  show  the  importance  of  the  difference  between  Eq. 

(17)  and  Eq.  (16)  a  simple  example  will  be  worked  out.  If  iL 
is  assumed  that  hydrogen  at  2000  atm  is  used  as  a  driving  gas, 
hydrogen  initially  at  30  atm  and  290  °K  is  used  as  a  working 
gas,  a  maximum  piston  velocity  of  1800  m/sec  and  a  value  of 
11.8  of  the  right-hand  side  of  Eq.  (16),  then  a  peak  pressure 
of  20,000  atm  will  be  given  by  Eq.  (13)  and  33,000  atm  by  Eq. 
(16).  Thus  for  high  driving  pressures,  when  the  outflow  of 
gas  can  be  neglected  the,  until  now,,  estimated  peak  pressures 
are  believed  to  be  too  small  by  a  considerable  amount. 

Tn  a  launcher  the  area  of  the  launch  tube  is  not  neglig 
ihln  wlmn  rnpipurcd  to  that*  of  the  pump  tube.  A  considerable 
outflow  of  gas  will  thus  generally  occur  during  the  retardation 
of  the  piston  and  it  i.s  not  obvious  that  this  will  h,  jo  been 
brought  to  rest  before  it  reaches  the  end  of  the  pump  tube. 

To  got  a  better  understanding  of  this  problem,  a  perfect  gas 
model  will  he  worked  out  for  the  pressure  rise  in  the  working 
gas  where,  for  simplicity,  the  pressure  behind  the  piston  is 
neglected  during  the  retardation. 

Figure  6  shows  the  changes  in  the  working  gas  during  a 
time  element  It,  If  it  is  assumed  that  the  piston  position  and 
velocity  at  time  t  are  x  and  U  ,  respectively,  and  that  the 
pressure  at  the  same  time  is  p,  the  adiabatic  compression  of  the 
working  gas  minus  what  is  escaping  through  the  hole  at  the  end 
of  the  barrel,  for  a  perfect  gas  can  be  written 

<>») 

where  £  is  the  thickness  of  the  gas  layer  that  will  flow  out 
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during  the  time  At,  see  Fig.  8.  At  the  same  time  the  motion 
of  the  piston  is  given  by 


dax 

dt2 


p  ^ 
m 

P 


For  a  small  At,  Eq.  (18)  can  be  simplified 


09) 


or 


l  +  *2-fl 

p  l 


1  + 


Ax  -  i 

y  L0"-  x  - 1 


Ax  _  JL 

1  Ap  At  At 

p  1st  ^  in  —  X  —  i 


(2U) 


If  it  is  assumed  that  the  outflow  info  the  tube  or  the  nozxlc 
always  ncriira  at  sonic  speed,  the  following  expression  is 
found  for  # 


i 


AoP  Ai! 


/.t 


or,  with  perfect  gas  expressions  for  a*  and  p 


Vas 


2  7 


where  Index  (s)  indicates  conditions  in  the  working  gas  at 
some  reference  point,  for  instance  when  the  projectile  is 
released  and  the  outflow  begins.  Thus  Eq.  (20)  becomes 


[«,  -  V*.  (£) ]  <21> 

With  the  transformation 


y  =  p(Ln  —  xP 
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Equation  (21)  reduces  to 


1  /  \  T+l 

y  U-\^r 


y  7  -  -  7Ai!rasps 


If  p/pg  ranges  from  1  to  10  and  y  =  1.2  it  is  found  that 


(22) 


^  1  p„ 


a. 3 


Thus  the  following  approximation  is  justified 

Oti 

(P/Ps)27  •  B(P/PS) 

where,  for  y  -  1.2,  the  constant  B  could  be  given  the  value 
of  0.91  to  make  the  maximum  relative  deviation  as  small  as 
possible.  With  this  approximation  tq.  (22)  becomes 


i-i  ,  JL 

v  ’  &  -  -  vW.  7 


V  s' s 


B  P 


(2J) 


Since,  from  Eq.  (19) 


m  ,2  m  dU 

A0  dt2  A0  dt 


it  is  found  that 


— ~ 1  j,,  wm  y  d’J 

r  1  &  '  if  rljta.p.  ^ 


This  equation  is  easily  integrated  giving,  after  going  back 
to  the  initial  variables 


(5 


i  ,  \  y 

—•l 


(L0-  x)  i  J*  rA|Bagp,'y  Up  + 


>) 


(24) 
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where,  from  the  boundary  condition  Up  »  Ug,  x  “  xg,  p  -  pg 

-  m  __  -- 1 

D  =  Pg  ■»  (Lo  -  xg)  -  ^  TA^  Baspg  ^  Ug 


or,  m  c! 


dimensionless  form 


P  a  Ps 


ho  X 


—  x 


f  (U  -  U)  +  1 
p  s 


(25) 


where 


f  - 


r*iBa8 

Co  ~  *>8 


Again  Eq.  (19)  is  used,  now  written  in  the  form 


dll 


P  ~  tlx 


Integration  of  Eq .  (25)  then  gives 


Lo  -  x  -  (L0  -  k IV  -  (2  -  y)  fUfi  +  1  - 


i  -7 


1 


-  [(7  -  l)flj  -  fUB  +  l][f(Up  -  ug)  +  1)  ]  (26) 


where 


F  =  (2  -  -y)  — 


^rzBaa  l 


(Lo  -  xJ  p 


S'  rs 


The  pressure  is  found  in  terms  of  Up  as 
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P 


(2  -  7)fUs  + 


l]tf(U„  -  Uj  +  1]' 


-  [(7  -  DfUp  -  £US 


+  1] 


(27) 


Further  integration  of  Eq.  (26)  has  not  been  possible  to  per¬ 
form  analytically.  The  time  dependence  of  x  and  p  can  be  ob¬ 
tained  from  a  numerical  evaluation,  however,  by  making  use  of 
the  fact  that 

,7  dx 
dt  *  — 

U 


If  the  initial  conditions  are  chosen  in  such  a  way  that 
becomes  zero  before  or  when  the  piston  strikes  the  end  of 
the  tube,  it  can  he  found  that  the  pressure  will  reach  a  peak 
and  then  drop  again.  If  U  is  sufficiently  large  when  the 
piston  reaches  the  end,  the  pressure  will  increase  all  the 
time . 
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The  main  interest  in  the  performance  of  a  hypervelocity 
launcher  will  here  be  devoted  to  the  problem  of  how  to  reach 
as  high  a  projectile  velocity  as  possible  regardless  of  the 
size  and  shape  of  the  projectile.  There  are  certain  obvious 
requirements  that  have  to  be  fulfilled,  namely  to  have 

(1)  As  long  an  accelerating  distance  (launch  tube) 
as  possible 

(2)  As  light  a  projectile  as  possible 

(3)  As  high  an  accelerating  pressure  as  possible 
over  the  whole  accelerating  distance 

Condition  (3)  implies  that 
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(4)  The  peak  pressure  and  temperature  in  the 
chamber  should  be  as  high  as  possible* 

It  is  understood,  furthermore,  that  hydrogen  is  used 
in  the  pump  tube. 

Due  to  the  limited  strength  of  the  gun  components, 
viscous  effects  in  the  gases  etc.,  all  of  these  quantities 
must  be  given  finite  values.  The  limiting  values  that  will 
be  used  throughout  this  section  are  as  follows: 

(1)  the  length  to  diameter  ratio  of  the  launch  tube 
is  300 

(2)  the  projectile  mass  is  (D^/2)A^P^,,  where  the 
density  is  «  1700  kg/m3 

(3)  the  accelerating  pressure  is  ^  5000  atm 

(4)  the  peak  pressure  is  50,000  atm  (which  is  about 
equal  to  the  highest  report  value  found,  sec 
Ref.  8) 

The  peak  temperature  cannot  be  arbitrarily  given  but  has  to 
be  worked  out  from  the  performance  of  the  compression  heater. 

The  limitation  in  the  peak  pressure  will  put  a  limit 
to  Tn^llp/po,  see  Eq .  (16),  for  a  particular  gun.  To  create 
strong  shock  waves,  high  values  of  are  needed  and  thus  m 
has  to  be  made  small  and  p0  large.  Again,  there  is  a  limit 
to  how  small  can  be  made  and  thus  the  matching  of  the  peak 
pressure  to  the  initial  shock  strength  has  to  be  done  by 
varying  and  p0 . 

To  show  the  important  characteristics  o£  the  peak  con- 
d it ions,  two  numerical  examples  will  be  analyzed  where,  for 
convenience,  Eq.  (17)  will  be  used  for  the  peak  pressure.  The 
right-hand  side  of  Eq.  (17)  is 
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2LqPo 


mU2 


ZLqAq  p0 


The  lightest  piston  that  has  been  found  in  the  literature  that 
can  withstand  a  peak  pressure  of  more  than  20,000  atiu  is  one 
with  a  mass  of  S6  grams  for  a  40-mm  diameter  pump  tube  (Ref. 

7).  Using  this  value,  can  be  written 

m  - 
P 

L0  will  be  given  the  value  150  D0,  which  is  a  reasonable  av¬ 
erage  of  what  is  in  vise,  and  T0  will  be  assumed  to  be  equal  to 


Thus  it  is  found  that 


Ac 


S*=const . 


17  U2 

U  ■  -E 

'  Po 

Twu  different  velocities 


with  Up  in  m/sec  and  p0  in  N/m 
will  be  considered,  namely:  2000  m/sec  which  is  about  equal 
to  the  highest  velocity  presently  Ln  use  and  4000  m/sec.  If 
it  is  assumed  that  the  piston  has  been  accelerated  to  these 
velocities  in  an  evacuated  section,  uniform  conditions  will  be 
valid  in  the  working  gas  when  the  first  shock  reflection  occurs 
at  the  piston.  If  conditions  in  front  of  the  piston  at  this 
moment  are  given  index  (2),  and  the  initial  pressure  in  the 
working  gas,  p0,  is  adjusted  so  as  to  give  peak  pressures 
around  20,000  atm,  the  results  shown  in  the  following  table 
are  obtained.  In  these  calculations,  Ps  and  T2  were  found 
from  Fig.  5,  ’est,  "Ss ,  and  from  Fig.  7.  In  Fig.  9  the 
paths  in  the  e  —  ?-plane  have  been  plotted  for  two  cases 
from  each  piston  velocity.  It  is  immediately  seen  that  the 
entropy  gain  through  the  first  two  shock  waves ,  which  are  the 
strongest  ones,  is  very  small,  comparable  to  the  entropy  dif¬ 
ference  from  the  mere  change  in  initial  pressure*  It  is  also 
seen  that  the  higher  piston  velocity  does  not  produce  a  sig- 
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TABLE  I 


u 

m/sec 

Po 

atm 

Pe 

atm 

Ta 

°K 

e2 

Sa 

Ae 

eM 

PM 

atm 

°K 

2000 

10 

237 

895 

7.3 

13.95 

22 . 7 

30.0 

32,000 

3050 

15 

356 

895 

7.3 

13.60 

15.1 

22.4 

16,500 

2400 

20 

474 

895 

7.3 

13.30 

11.3 

18.6 

12,000 

2050 

4000 

50 

5350 

2150 

19.7 

14.30 

18.1 

37.8 

56,000 

3700 

100 

10700 

2150 

19.7 

13.60 

9.1 

28.8 

40,000 

2950 

200 

21400 

2150 

19.7 

12.85 

4.5 

24.2 

46,000 

2550 

nificantly  higher  peak  temperature.  The  reason  for  this  is 
that  the  higher  piston  velocity  requires  a  higher  initial  pres¬ 
sure  to  keep  the  peak  pressure  down.  In  fact  it  does  not  seem 
possible  to  get  a  peak  pressure  below  20,000  atm  in  this  case. 

Thus  the  following  conclusion  can  be  drawn:  at  present, 
shock  compression  of  hydrogen  does  not  appear  Lo  be  an  effici¬ 
ent  way  of  reaching  high  peak  temperatures,  even  if  very  high 
piston  velocities  are  used.  If  higher  peak  temperatures  are  to 
be  obtained,  which  is  a  necessary  condition  for  reaching  higher 
projectile  velocities,  another  fundamental  way  of  heating  must 
be  considered.  Thus  the  accelerating  section,  mentioned  above, 
would  not  provide  any  improvement  to  a  launcher,  and  as  a  con¬ 
sequence  will  not  be  employed  in  the  launchers  considered  be- 
1  ow . 

From  Fig.  9  it  is  seen  that  the  most  obvious  way  of 
reaching  a  higher  temperature  at  the  same  peak  pressure  is  to 
use  a  lower  initial  pressure  and  a  higher  initial  temperature. 
If  the  initial  pressure  and  temperature  were  1  atm  and  870  °K, 
respectively,  the  final  temperature  at  20,000  atm  would  be  a 
7500  °K.  The  highest  temperature  obtained  in  hydrogen  so  far 
is  about  3500  °K  and  thus  an  increase  in  peak  sound  speed  of 
about  50%  together  with  a  smaller  value  of  -y  would  be  obtained, 
both  of  which  tend  to  increase  the  projectile  velocity.  It  is 
realized  that  for  a  given  pump  tube  the  size  of  the  projectile 
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must  be  made  smaller  with  this  type  of  operation  but  it  is 
assumed  that  the  higher  velocities  that  can  be  reached  will 
justify  this  disadvantage. 


To  optimize  the  performance  of  the  launcher,  Eqs.  (26) 
and  (27)  will  be  used  where  values  for  the  launch  tube  area, 
the  maximum  piston  velocity,  and  the  piston  mass  must  be  found 
For  finding  these  parameters  the  following  assumptions  and  con 
d it ions  will  be  employed: 


(a) 


(b) 

(c) 


The  piston  will  transfer  85%  of  its  energy  to  the 

working  gas,  i.e.  the  piston  velocity  is  u.4  U 

when  it  strikes  the  end  of  the  tube.  The  barrel 

is  assumed  to  absorb  no  energy. 

The  pressure  will  reach  a  maximum  equal  to  10 

when  U  -  u .  4  U  . 

P  a 

The  time  for  Liu*  pisLuu  Lu  decelerate  from  U  to 

P 

0.4  II  plus  the  Lime  it  takes  for  the  first 
rarefaction  wave  from  the  entrance  to  the  launch 
tube  to  reach  the  projectile  is  about  equal  to 
the  time  fox"  the  projectile  to  travel  through 
the  launch  tube.  The  maximum  projectile  velocity 
is  assumed  to  be  three  times  larger  than  the 
sound  speed  in  the  working  gas  at  the  release 
pressure.  At  this  velocity  the  base  pressure 
on  the  projectile  has  decreased  to  about  70% 
of  the  release  pressure  for  y  **  1.2. 


The  maximum  pressure  is  found  by  differentiating  Eq. 
(27)  and  putting  the  derivative  equal  to  zero.  The  resulting 
piston  velocity  and  peak  pressure  are,  respectively 


M 


[F  -  (2  -  y)(V  +  1] 


1.T 


1 

2-7 


1 


(2d) 
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7  1 

pM  -  ps  {tF  -  (2  -  -y)fug  +  n2‘7  +  fus  -  lj-'y-1 

(29) 

Thus,  froiri  (a)  and  (b)  it  is  found  that 

_  _  2-7 

F  =  (2  —  7)fUs  ~  1  +  (1  -  0.6  fUg)  (30) 

and 

JL-  XX 

[F  -  (2  -  -y)fUs  +  1]  2"7  =  +  1  -  fUg  (31) 

Elimination  of  F  between  Eqs .  (30)  and  (31)  gives 


2-7 

(1  -  0.6  £Dg) 


1  -  (2  -  7)  Cl 


0.4 


(32) 


and  then 


F  =  (2  -7)  0.4(10) 


7 


fll 


(33) 


For  given  y ,  flJg  can  be  determined  from  Eq.  (32)  and  then  F 
from  Eq.  (33).  The  definition  of  £  gives 


AiUs  -  F. 

r -  fu_  — r~  (34) 

i.0  -  xg  rBas 

where  the  right-hand  side  is  determined  from  Eq.  (32)  and 
the  given  launch  conditions.  From  Eq.  (33)  and  the  definition 
of  F  it  is  found  in  the  same  way  that 


F 


ps 

(2  -  7)r*B*a' 


(35) 


Thun  two  relations  are  found  between  the  three  parameters. 
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The  third  relation  will  be  found  from  condition  (c) . 

The  time  to  reach  the  peak  pressure  can  be  approxi¬ 
mated  by 


t 


M 


2U  +  0.4  U 
s  s 

- 3 - 


0.8  U 

s 


(36) 


where  a  weighed  mean  value  of 


has  been  used. 


With  the  given  assumptions,  the  pressure  on  the  base 
of  the  projectile  will  be  fairly  constant,  equal  to 
throughout  the  launch.  Thus  it  is  found  that 


and 


JS  -Sk 

S  “ 


<tL 


V 


*t  =  Li 


^/PB  _  _  ,«  o  in. «* 


2m 


V  s 


(37) 


(38) 


The  slope  of  the  first  rarefaction  wave  from  the  piston  at 
the  projectile  is 


3a  t  a  =  4a 
s  s  s 


and  at  the  entrance  to  the  launch  tube 


Xli 

zy 
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Thus  the  mean  value  of  the  slope  can  be  approximated  by 

- 

*  2V  (10)  »s 


which  gives 


_  _ 

t-  “  tv  = 


2a  + 


(39) 


9  Vs 

!Vs _ _ 

n  *•» 

2  +  vV+HT  (lu/ 

It  is  then  found  from  Eqs.  (36),  (37)  and  (39)  that 


0.,  -  ,,)  Xj  _  J  _ 


1.5 


2  +V7  + 


sH- 


T 


do) 


(40) 


2 .4Xa  m. 

S  h 


Finally,  the  ratio  between  the  projectile  mass  and  that  of 
the  piston  can  be  written 


mt  Pa*®1*  aami  _  r  “a  ®i  _  8^.5  .  *5  r  -  3/a 

m-  »  —  *  — : -  ■  - *  md - *  "T"  l°a£ 

*  P  «&mp  Pa  Aq4  Pa 


I  3.! 
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where  the  values  m^  c  (0^/2) (1700  A^)  and  L0  =  300  D0  have 
been  used.  Inserted  in  Eq.  (40)  this  gives 


=6 . 8X< 


a  a 
a  s 


(41) 


with  a  in  meters/sec  and  pg  in  N/m2  .  Since  the  first  factor 
in  the  left-hand  side  of  Eq.  (41)  is  equal  to  the  volume 
ratio  Vg/V0  It  is  found  from  the  equation  of  state  that 


U 


A  z  T  w 

A  =  I 

6. 8  A  T0  aaag 


(42) 


This  is  then  the  third  relationship  between  the  three  pa¬ 
rameters  to  be  determined.  The  assumptions  for  the  three  re¬ 
lations  are  based  on  the  following:  viscous  effects  in  the 
gases,  friction  between  the  walls  and  the  piston  and  the  pro¬ 
jectile,  and  heat  losses  are  negligible;  the  launch  tube  is 
initially  evacuated. 


A  particular  example  will  now  be  worked  out  to  find  the 
final  velocity  of  a  projectile  using  the  three  relations.  In 
this  calculation,  after  finding  the  pressure  variation  in  the 
chamber,  the  launch  process  will  be  solved  by  the  method  of 
characteristics  to  give  the  pressure  variation  at  the  base  of 
the  pellet  and  the  terminal  velocity  after  300  diameters  ac¬ 
celerating  distance. 


The  initial  conditions  will  be  given  as  follows:  p0  * 

1  atm,  T0  -  870  °K,  pg  “  5000  atm,  pM  -  50,000  atm,  Lo  - 

300  D0 ,  and  the  reference  values  pQ  ■  100  atm,  -  1000  rr^sec. 

From  Fig.  7  it  is  seen  that  Tg  -  5575  °K  and  TM  -  8800  °K.  It 

can  then  be  found  that  m  1.20,  7^  -  1.33,  afl  •  5580  w/sec 

and  *  7900  m/sec.  During  the  increase  in  pressure  from  pg 

to  Pj^,  7  will  change.  Since  the  pressure  level  is  very  high 
it  is  reasonable  to  expect  that  the  expansion  into  the  launch 
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tube  will  occur  in  thermodynamic  equilibrium  and  thus  7  will 
change  back  to  the  value  corresponding  to  the  base  pressure 
of  the  projectile.  Since  this  pressure  will  stay  fairly  con¬ 
stant  during  the  launch,  which  will  be  seen  from  the  character¬ 
istics  solution,  it  is  reasonable  to  make  the  approximation 
that  7  is  equal  to  yg,  during  the  whole  compression-expansion 
process.  This  value  of  7  gives  0  as^l)^/Ps)  ^s**1  « 

6760  m/sec.  According  to  the  three  relationships  mentioned 
above  it  is  now  easily  deduced  that 

-  0.0260;  Ug  -  290  m/sec;  m  “  11. 8 (AoDo1700)  kg 

From  the  equation  for  the  peak  pressure  without  outflow, 

Kq.  (17),  the  maximum  piston  velocity  is  calculated  and  found 
to  be  385  m/sec,  a  value  that  is  easily  obtained  with,  for  in¬ 
stance,  helium  at  100  atm  as  driving  gas.  This  relatively  low 
driving  pressure  will  give  only  a  very  small  contribution  to 
the  peak  pressure  and  neglecting  the  driving  gas  in  this  ex¬ 
ample  is  thus  justified.  The  value  of  B  0.0260  means  that 
the  diameter  ratio  between  pump  tube  and  launch  tube  is  6.2. 

The  variation  of  pressure,  sound  speed  and  piston  posi¬ 
tion  with  time  are  shown  in  Fig.  10.  Using  the  result  in  Fig. 
10  as  the  chamber  conditions,  and  assuming  that  the  flow  at 
the  entrance  to  the  launch  tube  is  not  sonic  until  the  down¬ 
stream  conditions  for  this  to  take  place  are  fulfilled,  the 
characteristics  solution  gives  a  final  velocity  of  17.2 
km/ sec  «  56,500  ft/sec  compared  to  18.70  km/ sec  for  the  case 
of  a  constant  accelerating  pressure  of  5000  atm.  The  pressure 
variation  at  the  base  of  the  projectile  is  shown  in  Fig.  11 
and  can  be  seen  to  oscillate  within  about  20%  of  the  desired 
value*  By  launching  the  projectile  at  a  slightly  earlier 
moment,  the  over-ride  in  the  base  pressure  can  probably  be 
avoided.  A  reduced  terminal  velocity  of  the  projectile  might 
then  be  expected.  To  check  the  accuracy  of  the  theoretical 
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model,  the  calculation  of  the  launching  conditions  according 
to  Eqs .  (26)  and  (27)  plus  the  characteristics  soluti.on  of 
the  launch  was  then  applied  to  a  particular  case  where  the 
muzzle  velocity  had  been  measured  to  29,500  ft/sec.  The  theo¬ 
retically  found  value  was  52,500  ft/ sec.  The  data  for  this 
example  were  taken  from  Ref.  8  where  the  piston  velocity  was 
not  measured,  however.  From  the  given  value  of  the  peak  pres¬ 
sure  the  piston  velocity  was  calculated  from  Eq.  (17). 

The  close  agreement  between  the  calculated  projectile 
velocity  and  the  measured  one  makes  it  possible  to  predict 
that  a  velocity  of  45,000  to  50,000  ft/ sec  would  be  possible 
by  using  a  configuration  as  discussed  earlier  in  this  section. 

GUN-TUNNEL  PERFORMANCE 

In  the  gun  tunnel  air  is  generally  used  as  the  working 
gas  and  shock  compression  becomes  important  at  piston  ve¬ 
locities  that  are  considerably  lower  than  those  considered  for 
shock  compression  of  hydrogen.  At  the  same  time  the  non- 
dimensional  internal  energy,  e,  is  of  the  same  order  for  air 
and  hydrogen.  This  means  that  the  peak  pressure  would  be 
about  tne  same  in  these  gases  for  the  same  piston  velocity, 
initial  pressure,  and  temperature.  Thus  shock  compression  of 
air  by  means  of  a  piston  can  be  of  great  importance  for  the 
production  of  high  temperature,  high  pressure  air.  To  take 
advantage  of  shock  compression  and  yet  preserve  uniform  stag¬ 
nation  conditions  during  a  run,  the  accelerating  section  is 
believed  to  be  a  valuable  feature  of  the  gun  tunnel. 

In  computing  the  peak  pressure  in  a  gun  tunnel  the 
outflow  of  gas  can  be  neglected  since  the  cross-sectional 
area  of  the  entrance  to  the  nozzle  will  generally  be  very 
small  compared  with  the  pump  tube  area.  Thus  Eq.  (16)  to¬ 
gether  with  Fig.  6  will  be  used  for  finding  the  peak  pressure. 
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From  Fig.  6  the  final  temperature  is  also  found  at  the  point 
where  p  -  at  «  Sa  .  Using  the  results  for  piston  acceler¬ 
ation  ,  shock  compression  and  peak  pressure  from  the  previous 
sections,  the  following  table  was  prepared  to  show  the  effect 
of  various  driving  conditions  and  piston  masses  where  the 
total  length  of  the  accelerating  section  and  the  main  barrel 
is  equal  to  300  D0 . 

TABLE  II 


Driving 

gas 

Pa 

atm 

m/A0D0 

k£/m3 

To 

°K 

Po 

atm 

hi  0 

D “ 

Poo 

atm 

T 

oo 

0  K 

PM 

atm 

Air 

200 

1700 

290 

1.10 

165 

350 

1870 

20,000 

1700 

580 

1.60 

180 

350 

2650 

20,000 

200 

290 

o  .30 

59 

330 

2760 

1,350 

200 

580 

0.55 

55 

350 

3330 

1,350 

2U00 

1700 

290 

1./5 

loo 

35ou 

326u 

20, 000 

1700 

530 

1.90 

120 

3500 

4030 

20,000 

300 

290 

2.00 

14 

3500 

3000 

5,500 

300 

580 

2.00 

21 

3500 

4000 

5,500 

He 

2  00 

1700 

290 

2.1 

120 

350 

2480 

20,000 

1700 

580 

3.8 

130 

350 

2780 

20,000 

200 

290 

0.65 

43 

350 

3570 

1,350 

200 

580 

1.2 

44 

350 

3780 

1,350 

2000 

1700 

290 

3.1 

68 

3500 

4250 

20,000 

1700 

580 

5.6 

71 

3500 

4660 

20,000 

300 

290 

3.0 

12 

3500 

4310 

5,500 

300 

580 

4  .o 

17 

3500 

5140 

5,500 

Ha 

200 

1700 

290 

2. A 

100 

350 

2720 

20,000 

1700 

580 

A. 5 

105 

350 

3000 

20,000 

200 

290 

0.80 

39 

350 

4240 

1,350 

200 

580 

1.45 

42 

350 

4550 

1,350 

2000 

1700 

290 

A. 8 

54 

3500 

4800 

20,000 

1700 

580 

9.0 

56 

3500 

5320 

20,000 

300 

290 

A. 7 

9.6 

3500 

A850 

5,500 

300 

580 

8.0 

11 

3500 

5600 

5,500 

In  Table  II  the  driving  gas  is  assumed  to  be  at  290  °K. 
The  different  piston  masses  correspond  to 
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(a)  a  solid  piston  of  one  diameter  length  with  a 
density  of  1*7  g/cni3  when  m/AoD0  ®  1700 

(b)  a  light  piston  (Ref.  2)  that  can  withstand  a 
pressure  difference  of  1000  atm  when 
m/A0D0  -  200 

(c)  a  light  piston  that  can  withstand  a  pressure 
difference  of  2000  atm  when  m/AoD0  =  300. 

The  final  pressure  pw,  was  taken  as  1.75  which,  according 
to  experimental  data,  is  a  reasonable  value  for  a  large  area 
driver.  The  peak  pressure  for  the  light  pistons  was  then 
given  as  p  plus  the  allowed  pressure  difference  across  the 
piston  and  found  by  using  Eq,  (16) .  For  the  solid  piston 
the  peak  pressure  was  given  the  value  20,000  atm  using  Eq. 
(17);  the  reason  for  neglecting  the  energy  of  the  driving 
gas  during  the  deceleration  was  that  air  data  for  pressures 
higher  than  20,000  atin  were  not  available.  Thus,  for  solid 
pistons,  the  same  computing  method  and  limit  for  the  peak 
pressure  was  used  as  in  Ref.  7.  The  procedure  for  finding 
the  final  conditions  was  to  try  different  values  of  p0  until 
the  peak  pressure  was  equal  to  the  prescribed  value.  The 
piston  velocity  was  always  adjusted  so  that  the  pressure  be¬ 
came  equal  on  both  of  the  sides  of  the  piston  when  it  had 
broken  through  the  second  diaphragm.  The  highest  piston  ve¬ 
locity  considered  was  2190  m/sec  occurring  in  the  last  ex¬ 
ample  . 

Some  interesting  conclusions  can  be  drawn  from  the 
result  of  Table  II#  It  is  seen  that  preheating  of  the 
working  gas  by  a  factor  of  2  gives,  for  air  as  driving  gas, 
an  increase  in  the  final  temperature  of  20  to  407.,  while  for 
helium  or  hydrogen  as  driving  gas,  the  increase  is  only  5  to 
207».  It  is  also  seen  that  the  use  of  a  heavy,  strong  piston 
generally  results  in  a  lower  temperature.  Thus  the  light 
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piston  is  definitely  more  attractive,  since  it  also  reduces 
the  peak  pressure  which  is  favorable  for  the  design  problems 
as  well  as  for  any  possible  instrumentation  in  the  high  pres¬ 
sure  section  of  the  barrel.  The  increase  in  driving  pressure 
from  200  atm  to  2000  atm  does  not  give  a  significant  increase 
in  final  temperature  for  the  lighter  pistons  but,  on  the  other 
hand,  the  higher  pressure  level  is  probably  desirable  for  re¬ 
ducing  the  nonequilibrium  effects  in  the  expansion  process  in 
the  nozzle.  Thus,  the  most  significant  ways  to  increase  the 
stagnation  temperature  in  a  gun  tunnel  appear  to  be  to  use 
light  gases  for  driving  the  piston  in  combination  with  an  ac¬ 
celerating  section  and  to  take  advantage  of  a  good  piston  de¬ 
sign. 
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Fig.  Ad.  Temperature  jump  through  repeated  shock  waves 
in  air,  T0  «*  580  °K 
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Fig.  8.  Compression  and  outflow  of  gaa  during  Che 
time  element  At 
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By 
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ABSTRACT;  A  computer  study  for  predicting  high-speed 
launcher  performance  was  conducted  using  a  one-dimensional 
hydrodynamics  computer  code.  This  computer  code  uses  the 
Lagrangian  scheme,  and  is  based  on  the  "q"  method  as  devised 
by  Von  Neumann  and  Richtmyer*  These  calculations  provide 
understanding  for  the  proper  variation  of  the  launcher 
parameters  for  optimization  of  launcher  performance.  A 
series  of  calculations  for  the  2-in.  Two-Stage  Hypervelocity 
Model  Launcher,  which  is  in  use  in  the  NOL  1,000-ft. 
Hyperballistics  Range  No.  4,  are  presented  and  are  compared 
with  the  actual  performance  of  the  launcher. 


COMPUTER  ANALYSIS  OF  TWO-STAGE 
HYPERVELOCITY  MODEL  LAUNCHERS 

By 

R*  Piacesi,  D.  F.  Gates,  and  A.  E.  Seigel 
Introduction 


To  make  possible  the  study  of  hyper  velocity  phenomena 
in  the  laboratory,  two-stage  hypervelocity  model  launchers  have 
been  developed  to  propel  projectiles  at  velocities  presently  as 
high  as  34,000  feet  per  second  (this  velocity  has  been  achieved, 
at  the  NASA  Laboratory  at  Ames) *  Due  to  the  multiple  number  of 
phenomena  occurring  in  a  two- stage  launcher,  it  becomes  very 
difficult  to  predict  launching  velocities  and  virtually  impos¬ 
sible  to  determine  how  to  vary  the  launcher  parameters  to 
maximize  the  velocity  capability  of  the  launcher.  Maximizing 
the  velocity  capability  while  maintaining  a  moderate  pressure 
behind  the  projectile  is  particularly  difficult?  this  has  been 
a  problem  of  interest  for  the  Naval  Ordnance  Laboratory  Launchers 
which  have  been  used  to  launch  scale  models  that  cannot  withstand 
high  accelerations.  To  overcome  the  tediousness  of  hand  calcu¬ 
lations  and  the  inaccuracies  of  approximate  analyses  (see  for 
example,  ref.  (1)),  calculations  of  the  performance  of  a  two- 
stage  model  launcher  were  done  numerically  by  the  authors, 
utilizing  an  IBM  7090  computer.  The  method  of  calculation  and 
some  results  are  described  below. 

Description  of  the  Computer  Code 

The  computer  code  is  a  one-dimensional  hydrodynamic 
program,  using  the  Lagrangian  scheme,  and  is  based  on  the 
"q"  method  as  devised  by  Von  Neumann  and  Richtmyer  (refs.  (2) 
and  (3)),  The  code  solves  quasi-one-dimensional  hydrodynamic 
problems,  i.e.,  it  will  handle  cases  of  one-dimensional  flow 
through  ducts  of  varying  cross  section.  Automatic  treatment 
of  the  shock  by  the  ”qM  method  lends  itself  nicely  to  the 
solution  of  multiple  shock  systems  such  as  occur  in  the  two- 
stage  light-gas  launchers. 

The  computer  program,  which  is  written  in  FORTRAN  for 
the  IBM  704  and  7090  computers  (refs.  (4)  and  (5)),  is  a 
modification  of  a  program  prepared  by  W.  A.  Walker  of  the 
Explosion  Dynamics  Division  of  the  Naval  Ordnance  Laboratory* 

The  code  is  similar,  in  many  respects,  to  an  earlier  non- 
FORTRAN  program  obtained  from  the  Lawrence  Radiation  Laboratory, 
Livermore,  California,  in  1957. 

In  the  Lagrangian  scheme  the  system  is  divided  into 
regions,  each  having  its  own  equation  of  state,*  and  each 

*  The  equation  of  state  may  be  that  of  solids,  liquids  or 

ideal  and  non-ideal  gases. 
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region  being  further  subdivided  into  sones*  Mass  points 
containing  one-half  the  mass  of  each  of  two  adjacent  zones 
are  assumed  at  the  interface  of  these  two  zones.  These  mass 
points  are  labeled  initially  (see  fig.  1)  and  carry  these 
labels  throughout  the  entire  computation.  The  hydrodynamic 
equations  of  motion  and  conservation  of  energy  are  put  into 
finite  difference  form.  These,  along  with  a  suitable  stability 
calculation,  are  then  solved  numerically  to  determine  the 
subsequent  motion  of  these  weighted  interfaces. 

initial  values  of  the  internal  energy  EQ,  the  density 
p0,  the  specific  volume  V0>  the  pressure  pQ  and  the  velocity 
Uq  are  given  for  each  zone.  The  new  values  of  these  variables 
and  the  new  positions  of  the  mass  points  are  calculated  by 
numerically  integrating  the  hydrodynamic  equations.  An 
appropriate  variable  time  increment  is  calculated  for  the 
numerical  integration  at  each  computation  cycle  to  assure 
stability  of  the  finite  difference  equations.  At  each  time 
step,  the  pressure  differential  at  each  interface  is  used  in 
the  equation  of  motion  to  determine  the  acceleration  of  the 
mass  points.  Using  the  accelerations,  the  new  velocities  are 
computed.  Knowing  the  position  of  its  interfaces,  the  volume 
of  a  zone  is  computed.  The  pressure  and  internal  energy  are 
then  obtained  by  a  single  iteration  of  the  equation  of  state 
and  the  energy  equation,  in  this  manner  the  scheme  provides 
a  complete  history  of  the  position  and  velocity  of  the  mass 
points  and  of  the  volume,  pressure,  and  internal  energy  of 
the  zones. 

The  code  uses  the  following  hydrodynamic  equations: 
Energy  equation  for  isen tropic  flow 

M-  =  -  -p 
zt  r  it 

Equation  of  state 

■f-  f  (*,V) 


Equation  of  motion 


U) 


(2) 


it 


(3) 


I  SK 
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where  M,  the  mass,  is  defined  in  the  equation 


M  =  j  f  (Mffl 


(4) 


as : 


in  the  "q"  method,  equations  (1)  and  (3)  are  rewritten 


||-  *  -(f +t)  5T  151 

«  161 

where 


The  term  q,  which  is  added  to  the  pressure  in  equations 
(5)  and  (6),  acts  as  an  artificial  dissipative  mechanism 
giving  the  correct  entropy  change  across  the  shock  and  allows 
the  hydrodynamic  variables  to  be  continuous  across  the  shock 
front,  C0  is  a  constant  which  can  be  adjusted  to  spread  the 
shock  over  a  desired  number  of  zones. 


Equations  (5),  (6),  (7),  and  (8)  appear  below  in 

differenced  form  along  with  the  other  necessary  equations  in 
logical  sequence  as  used  in  the  program 
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j  ~  1 ,  2,  3  — •  ^max 
n  *  0,  l,  2 


At  n  +  1/^  =  t  n  *’  1  —  tn 

At  n  =  t  n  +  1/2  +  t  11  -  1/2  /2 

AM  j  |  1/2  =  2one  mass 

A(X)n^  »  cross-sectional  area  at  X 

Here  j  refers  to  the  mass  point  number  and  n  the  time  cycle 
number* 


Two-Stage  Gun  process 

Xt  is  known  that  for  an  isentropically  expanding  gae 
pushing  a  projectile,  the  pressure  drop  behind  the  projectile 
may  be  decreased  by  using  a  propellant  gas  with  a  high  initial 
sound  speed,  aG,  and  a  low  specific  heat  ratio  y *  Since  y 
for  gases  does  not  differ  widely,  much  effort  is  given  to 
obtain  a  high  initial  sound  speed  for  the  driver  gas. 


I  Ml 
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One  method  of  obtaining  a  high  sound  speed  driver  is 
the  two- stage  gun.  The  events  occurring  in  the  operation  of 
a  two-stage  gun  can  be  described  in  the  following  way. 


BacX. 
ciyiHif* 


Pi*  fuv 


pump  rue* 


f»Roa«cTlL* 


BL 


Fig.  A  Fig.  B 

The  back  chamber  contains  a  propellant,  which  is  burned  to  a 
high  pressure.  The  front  chamber  or  "pump  tube*'  contains  a 
low-molecular-weight  gas  such  as  hydrogen  or  helium  initially 
at  a  much  lower  pressure  than  the  peak  pressure  of  the  back 
chamber  gas  (fig.  A).  The  diaphragm  separating  the  back  and 
front  chambers  is  opened  near  the  back  chamber  peak  pressure, 
causing  the  piston  to  be  accelerated,  A  shock  precedes  the 
piston  down  the  pump  tube  which  reflects  between  the  piston 
and  the  end  of  the  pump  tube  several  times,  raising  the  temper¬ 
ature  and  pressure  of  the  light  gas  (fig.  B) .  The  resulting 
high  temperature,  along  with  the  low  molecular  weight  of  the 
gas  produces  a  much  higher  sound  speed  for  the  pump  tube  gas 
than  was  possible  to  attain  for  the  back  chamber  driver. 

Although  the  drop  in  pressure  behind  a  projectile  may 
be  decreased  by  increasing  the  sound  speed  in  the  driver  gas, 
the  increase  in  sound  speed  practically  attainable  is  insuf¬ 
ficient  in  itself  to  maintain  the  pressure  at  the  desired 
constant  value.  What  is  required  la  that  the  reservoir  pres¬ 
sure  in  the  pump  tube  be  increased  during  the  movement  of  the 
projectile.  By  so  doing  the  tendency  of  the  pressure  behind 
the  projectile  to  drop  is  overcome.  The  higher  the  sound  speed 
of  the  driver  gas,  the  less  is  the  required  reservoir  pressure 
increase  to  maintain  the  pressure  behind  the  projectile 
constant*  In  practice  the  reservoir  pressure  would  be 
required  to  rise  perhaps  a  factor  of  10  or  snore  times  the 
value  of  the  pressure  behind  the  projectile  to  maintain  it 
constant* 

The  two-stage  gun  provides  the  possibility  of  increasing 
the  reservoir  pressure  in  the  pump  tube  by  means  of  the  piston 
in  the  pump  tube  which,  by  its  movement,  compresses  the 
reservoir  gas,  thus  effecting  the  required  increase  of  pres¬ 
sure. 
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Therefore,  the  condition  desired  in  the  two-stnyo  yun 
is  a  constant  pressure  behind  the  projectile  as  a  result  of 
the  proper  increase  of  pump  tube  reservoir  pressure.  The 
selection  of  the  variables  required  to  attain  this  condition 
is  almost  impossible  by  means  of  hand  calculations.  The 
electronic  computing  machine  offers  a  means  for  selection  of 
the  required  parameters. 

The  processes  occurring  in  the  two- stage  gun  are  readily 
seen  in  the  plots  of  information  as  obtained  from  the  electronic 
computer.  Figure  2  is  a  typical  calculated  distance- time  plot 
showing  the  trajectories  of  shocks  between  the  piston  and 
projectile,  the-  piston  trajectory,  and  the  projectile  trajectory. 
Figure  3  is  a  plot  of  calculated  pressure  behind  the  model  as 
a  function  of  distance  along  the  barrel.  Figure  4  is  a  calcu¬ 
lated  velocity-time  plot  of  the  projectile  and  shows  clearly 
the  effect  of  shock  impingements  on  the  back  of  the  model. 

Calculations  and  Results 


Many  calculations  were  made  Lo  determine  optimum  gun 
operating  conditions  for  various  NOL  Hypervolocity  Facilities. 

As  mentioned  above,  the  problem  of  optimum  performance  is 
complex  due  to  the  number  of  parameters  involved.  For  a  given 
gun  geometry  these  parameters  are  the  initial  back- chamber 
conditions,  the  initial  front-chamber  conditions,  the  weight 
of  the  piston,  the  weight  of  the  projectile  and  the  projectile 
release  pressure.  There  are  certain  physical  restrictions 
existing  on  the  facility  and  the  projectile;  these  being,  a 
limiting  pressure  that  the  gun  can  contain  without  damage 
being  done,  and  a  maximum  acceleration  that  the  projectile 
can  withstand  without  breaking  up.  In  addition,  it  may  be 
desired  to  vary  the  gun  geometry  itself  (length  and  diameter 
of  launch  tube,  etc.)  to  obtain  an  optimum  model  launcher. 

By  adjusting  the  above  parameters,  keeping  in  mind  the  physical 
limitations,  optimum  operating  conditions  can  be  determined. 

A  typical  set  of  computer  calculated  results  for  the 
2- in,  Two-Stage  Hypervelocity  Model  Launcher,  which  is  in 
use  in  the  NOL  1,000-ft.  Hyperballistics  Range  No.  4,  are 
shown  in  tables  1,  2,  and  3.  Figure  5  shows  the  dimensions 
of  the  2-in.  two-stage  facility.  A  large  portion  of  the  success 
of  this  facility  in  presently  firing  saboted  models  of  various 
aerodynamic  configurations  over  17,000  feet  per  second  is 
attributed  to  these  calculations  (ref.  (6)).  Figure  6  is  a 
spark  photograph  of  a  10°  total  angle  cone  fired  in  the  range 
at  17,600  feet  per  second.  The  computer  calculation  showed 
that  the  highest  pressure  the  projectile  would  feel  was 
25,000  psi. 

The  calculations  assume  the  back- chamber  propellant  is 
preburned  and  is  an  ideal  gas  with  a  constant  specific  heat 
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ratio  7  •  A  constant  7  is  also  used  for  the  pump  tube  gas. 
Co-volume  effects  in  the  pump  tube  gas  were  taken  into  account 
for  the  2-in*  two-stage  calculations** 

The  calculations  for  the  2-in*  two-stage  launcher  for 
the  higher  velocity  cases  (>  15,000  feet  per  second)  predict 
higher  velocities  (about  10  percent  higher)  than  are  obtained 
experimentally .  Figure  7  shows  a  comparison  of  the  theoretical 
calculations  and  the  experi  ,iental  results .  **  For  smaller  bore 
launchers  the  deviation  appears  more  serious.  This  is  not 
disturbing  in  that  one  is  still  guided  in  the  direction  to 
vary  the  parameters  for  optimizing  the  performance.  The 
difference  in  predicted  velocities  and  experimental  velocities 
is  attributed  largely  to  frictional  effects.  The  frictional 
effects  can  be  accounted  for,  but  only  at  the  expense  of 
computer  time  which  is  costly.  When  optimum  conditions  are 
obtained,  losses  due  to  friction  can  be  taken  into  account 
for  that  set  of  conditions  (ref,  (7)). 

Conclusion 

Two  stage  gun  performance  calculations  were  made  using 
cs  une-uimensionai  hydrodynamics  computer  code.  This  code  takes 
account  of  the  gas  dynamic  processes  occurring  including  the 
shocks  which  are  reflected  back  and  forth  both  in  the  pump 
Lube  and  in  the  barrel.  The  true  equations  of  state  are  u.^cd 
for  the  gases  as  well  as  for  the  piston  and  projectile. 

Although  the  code  is  one-dimensional,  it  had  been  previously 
demonstrated  experimentally  that  the  one-dimensional  approxi¬ 
mation  is  excellent  for  unsteady  flows  between  tubes  of 
different  diameters  (ref.  (8))*  Friction  effects  can  af3o 
be  taken  into  account  in  this  code. 

Predictions  by  approximate  methods  of  computations 
for  the  pressure  experienced  by  the  model  have  been  found  to 
be  in  error  by  a  factor  which  may  be  as  high  as  4  since  the 
sharp  pressure  peaks  which  occur  are  not  accounted  for  by  these 
approximate  methods,  without  the  computer  code  it  becomes 
virtually  impossible  to  select  conditions  for  launching  fragile 
models  (such  as  the  cone  shown  In  fig.  6)  at  relatively  high 
velocities  without  failure  of  the  model*  a  common  experience 
in  attempting  to  launch  such  a  small  angle  cone  in  ballistic 
range  facilities  is  the  emergence  of  the  cone  with  the  nose 
tip  broken  off  (spalled).  On  the  basis  of  the  experience  gained 
with  the  NOL  Two-Stage  Launchers,  it  is  felt  that  successful 
launching  of  fragile  models  at  high  velocities  can  only  be 
achieved  without  the  necessity  for  many  trials  with  a  computer 
program  of  this  type  which  accurately  calculates  the  conditions 
occurring  during  the  firing. 


*  As  noted  before,  any  equation  of  state  may  be  used  for  the 

gas. 

**  The  experimental  firings  were  made  with  the  barrel  evacuated. 
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FIG. 5  TWO-INCH  TWO-STAGE  LIGHT  GAS  GUN 
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ABSTRACT 

The  U.  S.  Naval  Research  Laboratory  is  engaged  in  a 
continuing  program  to  develop  hypervelocity -accelerator 
capability.  Present  accelerators  arc  lighl-gas  guns  of  the 
semiexpondable -central-breech  design  which  vary  in  size 
from  0.8301',  .30"  units  to  an  Z, b"  gun.  The  current 

launch  capability  ol  the  facility  ranges  from  0.1  gram  at 
9.3b  km/ sec  to  <ibU  grams  at  5.6  km/sec.  The  operation  of 
gas  guns  is  being  studied  theoretically  with  a  computer 
program.  An  experimental  study  of  various  aspects  of  gun 
operation  including  projectile  release,  driver  gas  leakage, 
p  rnjectile-bure  friction  and  sabot  breakup  is  also  beinr 
conducted.  The  feasibility  of  electrically  energizing  hyper- 
\Mdnr  iiy  a r #•»» I e rat o r 3  has  been  experimentally  and  Uuor\ti' 
cally  studied.  The  addition  of  electrical  energy  to  the  driver 
gas  of  a  standard  light-gas  gun  operating  under  reduced 
parameters  has  generated  a  33%  increase  in  gun  perform¬ 
ance.  Eleel  rical  pulses  have  also  been  used  to  generate 
sheets  of  dense  plasma  that  have  accelerated  thin  plastic' 
plates  to  velocities  above  9  km /sec. 


NR L  ACCELERATOR  DEVELOPMENT 
INTRODUCTION 


The  U.  S.  Naval  Research  Laboratory  is  engaged  in  a  program  to  study 
hypcrvulocity  impact  phenomena.  The  results  of  these  studies  are  being  ap¬ 
plied  to  many  problems,  i.e.,  those  associated  with  impact  damage  to  space 
probing  vehicles.  In  order  to  carry  out  these  studies  effectively,  space 
vehicle  impacts  must  be  accurately  simulated  under  laboratory  conditions. 

A  continuing  program  to  develop  hypervelocity  acceleration  facilities 
for  simulating  such  impacts  has  therefore  been  maintained.  The  program 
consists  of  the  development  of  now  gas  guns,  theoretical  and  experimental 
studies  of  their  operation,  studies  of  new  techniques  to  extend  the  operating 
range  of  gas  guns,  and  the  development  of  associated  acceleration  techniques 

During  the  last  18  months,  two  relatively  large  gas -gun  facilities  have 
been  installed.  One  contains  a  3.25',  .83"  gas  gun  of  the  expendable  central 
breech  design  which  is  used  to  launch  packages  weighing  between  5  grams 
and  60  grains.  The  other  uses  an  8.2",  2.5"  gas -gun  with  a  somiexpondable 
central  breech  to  launch  packages  weighing  between  200  grams  and  1000 
grams . 

A  study  of  the  operation  of  these  light -gas  guns  *\nd  other  smaller  units 
is  rente  reel  around  a  computer  program  which  uses  an  iterative  process  to 
<  ompule  a  complete  set  of  parameters  that  describe  gun  conditions  during 
fi  ring  sequence  from  initial  motion  of  the  piston  to  exit  of  the  projectile 
from  the  muzzle  of  the  launch  tube.  Sinn*  computation  runs  lake  only  10 
minutes  each,  the  program  can  be  used  to  examine  the  performance  of 
operational  guns  and  those  under  design.  A  scries  of  experimental  studies 
is  being  carried  out  to  measure  selected  firing  parameters  for  comparison 
with  predicted  values.  The  results  of  these  comparisons  will  be  used  to 
establish  the  validity  of  this  computer  program  and  possibly  to  formulate 
empirical  correction  terms  for  increasing  overall  accuracy. 

Investigations  are  also  being  conducted  to  determine  the  feasibility  of 
using  electrical  energy  pulses  for  hypervelocity  acceleration.  These  include 
both  electrical  discharges  into  a  reservoir  of  light  gas  within  the  gas  gun  in 
order  to  increase  the  temperature  developed  during  gas  compression,  anil 
the  electrical  explosion  of  metallic  foils  to  accelerate  thin  plates  to 
hype  rvelocities. 


LIGHT-GAS-GUN  DEVELOPMENT 

The  ballistic  launching  capability  of  the  NRL  hypervelocity  facility 
has  been  sharply  increased  during  the  past  18  months.  Two  large  gun 
ranges  have  been  constructed  and  the  performance  of  the  older  gas  gun 
systems  improved.  All  of  the  range  systems  are  being  used  primarily 
for  terminal  ballistic  studies  that  require  the  launching  of  sabot  packages 
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containing  high  density  projectiles  covering  a  wide  range  of  mass,  size, 
and  velocity.  Since  all  material  launched  with  the  projectile  must  be  re¬ 
moved  from  the  trajectory  the  ability  of  saboted  packages  to  withstand  high 
acceleration  and  to  separate  adequately  after  launch  is  of  prime  importance. 
Several  sabot  configurations  have  been  designed  and  tested  because  a  wide 
range  of  projectiles  and  projectile  velocities  art?  needed  for  the  impact 
investigations.  An  example  of  one  of  the  sabots  used  frequently  is  a  five- 
piece  design  originally  developed  at  the  U.  S.  Naval  Ordnance  Laboratory 
(1).  The  material  used  for  this  design  has  been  primarily  Lexan*  and  glass- 
filled  Lexan.  The  front  section  of  the  sabot  consists  of  four  quadrants  of  a 
cylinder  that  are  centrally  relieved  to  form  a  cavity  for  the  launched  model. 
The  rear  of  the  sabot  is  a  cap  that  holds  the  front  segments  in  position  dur¬ 
ing  launch  from  a  gas  gun.  Five  piece  sabots  have  been  designed  and  used 
with  .30",  .60",  and  .83"  launch  tubes  and  have  successfully  launched  such 
models  as  steel  spheres,  titanium  aerodynamic  models,  and  aluminum  rods 
with  L/D  ratios  up  to  10.  New  sabot  materials  for  all  the  present  designs 
are  continually  being  searched  for  and  new  designs  investigated, 

AU  of  the  gas -guns  presently  in  operation  at  NRL  use  seniiexpendable 
central  breeches  tind  are  operated  both  in  the  adiabatic  compression  and 
shock  healed  modes.  Projectiles  art'  released  hy  shea  rout  dinks,  petal 
type  diaphragms  nr  :.lide  \  ulvcs,  depending  upon  llu  particular  ;«lmt 
requiremi  nts.  Since  several  of  the  guns  are  set  up  to  use  interchangeable 
launch  lubes  nt  several  diamel e rs,  each  gun  is  referred  to  by  llu*  diameter 
of  its  compression  tube.  The  particular  gas-gun  configurations  are  re¬ 
ferred  to  by  specifying  the  compression  tube  diameter  and  the  launch  lube 
diameter,  r.g.,  .60*. 

Table  I  lists  the  gun  configuration;;  presently  being  used  at  NRL, 

Other  combinations  are  being  considered. 

The  firing  capabilities  of  all  these  gun  eombinatiuns  are  presented  in 
Table  II  and  selected  gun  configurations  are  presented  graphically  in  Fig.l. 
The  areas  under  the  solid  lines  represent  proven  capability  and  the  dotted 
lines  enclose*  areas  of  expected  performance  capability. 


Operating  Guns 


Two  guns  using  the  1.14",  .10"  configuration  have  proven  especially 
effective  within  their  velocity-mass  regime.  The  experience  of  several 
year3  has  demonstrated  that  these  guns  are  capable  of  successfully  launch¬ 
ing  relatively  delicate  sabot  packages  when  fired  near  the  limit  of  their 
capability.  This  effect  has  allowed  3/16"  steel  spheres  to  be  launched  at 
6,0  km/sec,  1/4"  aluminum  spheres  at  6.93  km/sec,  and  1/4  steel  spheres 


*Trade  name  for  polycarbonate,  a  thermoplastic  supplied  by  Fiberfil,  Inc, 
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Table  I 

NRL  Light -Gas -Gun  Configurations 


No.  of 
guns 

Compression  Tube 
diameter 

Launch  Tube 
diameter 

Overall  length 

2 

,830"  (20mm) 

.30" 

8  fl 

2 

1.14" 

.30" 

13  ft 

i 

.50" 

15  ft 

2 

1.625"  (40mm) 

.22" 

14  ft 

.30" 

1  3  It 

.50" 

14  ft 

,60" 

15  fl 

1 

3.25" 

.83" 

35  fl 

1 

8.2" 

2  50" 

100  ft 

Figure  1  -  Present  and  expected  capabilities  of 
NRL  light  -gas  guns 
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Table  U 

Present  Capability  of  NRL  Light -gas  Guns 


Compression 

Tube 

(in.) 

Launch 

Tube 

(in.) 

Total 

Launch 

Mass 

(gms) 

Value 

Type 

Proj . 
Type 

Velocity 
(km /sec) 

Remarks 

.83 

.30 

.60 

slider 

cyl. 

6.71 

.30 

1  .00 

slider 

cyl. 

5.64 

.30 

2.70 

slide  r 

cyl. 

3.90 

1.14 

.30 

.89 

shear 

1/4"  A1 

6.94 

saboted 

sphere 

.  in 

]  .tin 

shear 

3/16"  Fc 

6.00 

saboted 

sphe  re 

.30 

1.47 

shear 

cyl . 

5.94 

saboted 

.30 

1.60 

shear 

cyl. 

5.67 

.30 

2.15 

shear 

cyl . 

5.01 

saboted 

.30 

4.00 

shear 

cyl. 

3.90 

1.14 

.50 

2.00 

shear 

cyl. 

5.21 

.50 

3.10 

shear 

cyl . 

4.82 

! 

|  .10 

slide  r 

cyl. 

9  .54 

j  ] 

.?.? 

I  ,15 

slid  nr 

r-yl. 

8.84 

j 

.22 

.20 

shea  r 

cyl- 

8.14 

1.6  3 

.30 

.6  3 

shear 

cyl. 

6.92 

.  10 

2.10 

shea  r 

cyi. 

5.09 

1  : 

1 

1 .6  3 

.60 

4.10 

shea  r 

cyl, 

6.00 

j 

.60 

6.90 

shear 

cyl. 

6,61 

.60 

18.00 

shear 

cyl. 

3  .05 

3.25 

.83 

5.20 

shea  r 

cyl. 

7.99 

.83 

9.60 

shear 

cyl. 

7.80 

.83 

15.40 

shear 

cyl . 

6.92 

i 

.83 

19.60 

shear 

cyl . 

5.79 

saboted  • 

j 

.8  3 

42.50 

shear 

cyl. 

3.81 

8.2 

2.50 

253.25 

slide  r 

cyl , 

5.58 
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at  5.5  km/src.  This  gun  syslum  has  also  launched  spheres  as  small  as 
\fi)A'  and  long  rods  (L./D  10).  The  launch  lubes  used  with  this  gun  sys¬ 

tem  ran  be  reused  more  than  100  limes  with  some  sacrifice  in  perform¬ 
ance.  The  reliability  of  these  range  systems  is  also  exceptionally  high. 

A  toial  reliability  of  90%  fur  180  consecutive  rounds  was  established, 
with  a  shot  being  considered  successful  only  when  all  terminal  ballistic 
requirements  were  met.  Considerable  sabot  development  took  place  dur¬ 
ing  this  sequence  of  firings. 

The  1.625"  guns  have  been  in  operation  for  a  relatively  long  time  and 
were  reported  earlier  (2).  Their  performance  has  been  optimized  during 
the  past  18  months  to  the  point  where  several  firings  can  be  made  with  a 
('(Mitral  breech  before  it  must  be  expended.  Maximum  capability  has  not 
yet  been  reached  with  this  gun  for  the  case  of  high  density  sabotod  pro¬ 
jectiles.  Present  capability  includes  5/16"  steel  spheres  launched  at 
slightly  over  5  km /sec  when  .60-cal  launch  tubes  were  used.  A  40-mm, 
,22-cai  configuration  is  being  used  to  launch  0.1 -gram  plastic  cylinders 
at  velocities  as  high  as  9.54  km /sec,  which  is  the  highest  velocity  yet 
achieved  at  NRL. 

The  3.25",  ,M0"  gas  gun  range  is  shown  in  Figure  2.  This  system 
was  designed  lu  im  i*ra>c  inu.sr.-lh  rowing,  (.(parity  to  the  point  when* 
severe  clnmaee  may  be  inflicted  upon  realistic  space -vehicle  strut-lures 
and  was  designed  for  gene  ral  impact  studies.  For  (his  reason,  belli 
sabolcd  and  unsaboted  lirings  are  required  for  terminal  ballistic  studies. 
Sabot  problems  have  been  especially  critical  with  this  gun  when  high  mass 
pat  Rages  containing  sled  pdld  s  are  lauiulird.  Despite  this  problem  tin- 
results  from  the  3,25",  .K$0"  gun  have  been  good,  and  much  critical  infor¬ 
mation  on  high-mass  impacts  has  been  obtained.  Special  sabot  designs  with 
titanium  floors  are  being  investigated  and  have  achieved  several  promis¬ 
ing  results.  The  central  breeches  used  with  this  gun  arc  reused  on  a 
routine  basis  for  from  lour  to  six  times.  Studies  are  now  being  made  to 
determine  the  feasibility  of  extending  breech  life  indefinitely  without 
sacrificing  gun  performance. 

The  8.2",  2.5"  gas  gun  facility  was  constructed  to  accelerate  pro¬ 
jectile  packages  weighing  from  1 /4  to  2  pounds  to  maximum  velocities 
between  6.1  and  9.2  km/sec. 

After  much  theoretical  program  analysis  related  to  the  gun’s  firing 
parameters,  to  material  reconnaissance  and  acquisition,  prototype  develop¬ 
ment,  and  design  assembly  work,  the  present  8.2",  2.5"  hypervelocily  gun 
was  designed.  The  gun  structure,  which  is  approximately  100  feet  long 
and  weighs  150  tons,  is  made  up  of  a  compression  tube,  a  high  pressure 
section,  and  a  launch  tube.  (See  Figures  3  and  4). 

The  compression  tube  consists  of  two  8-inch  guns  smooth-bored  to 
8.2  inches  in  diameter  and  flange -connected  muzzle  to  muzzle.  The  rear 
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Figure  2  -  Medium  size  range  facility  with  a  3.25"  ,  .830"  light-gas  gun 
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barrel  is  a  niodwiiM  MK  VI  ami  is  i  onnet  l ed  lu  a  moult  led  Ml.  The  Ml  is 
threaded  and  scrcwi'd  into  the  high  pressure  v-isr,  which  is  a  modified 
br*  t*ch  end  of  a  16-inch  gun.  The  compression  lube  is  reinforced  longi¬ 
tudinally  by  two  24- inch  I-beams  which  are  pretensioned  in  order  to  pro- 
eompress  the  compression  tube.  This  precompression  of  the  compression 
tube  decreases  any  tensile  forces  in  the  tube  due  to  firing  reactions.  The 
tube  alone  could  not  withstand  these  forces. 

The  high  pressure  section,  consisting  of  the  high  pressure  case  and 
the  semidisposable  core,  is  designed  to  withstand  pressures  up  to  400,000 
psi  with  no  damage  to  the  high  pressure  case  and  minimum  damage  to  the 
core.  The  core  is  composed  of  sixteen  pieces  of  4340  alloy  steel  heat- 
Ireated  to  a  yield  of  120,000  psi,  any  part  of  which  may  be  replaced.  The 


Figure  3  -  Large  range  facility  with  a  8.2",  2.5"  light-gas  gun 


'igure  4  -  Overall  view  o;  the  8.2  ,  2.5  light-gas  gun 
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t  ore  assembly  is  plac  ed  in  a  mold  in  order  lo  cast  a  fluted  lend  cover 
varying  from  0.Z0  to  0.10  inch  thick  around  it.  The  lead  covered  core  is 
then  pleased  into  the  high  pressure  case,  which  has  an  inside  taper  vary¬ 
ing  from  18.6  to  18.4  inches  in  diameter.  The  purpose  of  the  lead  cover 
is  to  prevent  permanent  damage  to  the  high  pressure  ease,  and  to  elimi¬ 
nate  the  possibility  of  locking  the  core  in  the  high  pressure  ease  due  lo 
core  expansion.  Should  the  core  be  permanently  expanded  due  to  piston 
impact  or  high  pressures,  the  iluted  lead  would  prevent  full  transmission 
of  l he  radial  forces  by  flowing  into  Ihe  slots.  When  extraction  forces  are 
applied  to  the  core  the  lead  will  creep  and  give  way  allowing  the  core*  to 
be  removed. 

The  holding  mechanism  which  compresses  and  holds  the  core  in  place 
during  the  shot  is  comprised  of  a  16-inch-gun  breech  block  and  a  backup 
system  consisting  of  flanges  and  rods.  (Figure  8.)  The  longitudinal  ele¬ 
ments  have  been  designed  to  withstand  £1,000,000  lbs  of  force.  The  breech 
block  alone  compresses  the  core  0.060  inch  over  a  total  length  of  126.7 
inches.  This  compression  greatly  reduces  the  possibility  of  leakage  between 
the  core  joints.  The  rods  of  tin*  baek-up  system  are  then  prelensioned  to  as 
high  as  8,000,000  lbs. 

The  ([UK  k  upciiiiig  \alu  i.s  lou.iled  within  the  cor*  .d  the  end  o!  ,i  rev  - 
lion,  containing  two  tapers.  The  8.2"  tube  first  tapers  very  slowly  to  7.6“ 
and  then  more  rapidly  to  2.!V‘  in  a  total  of  1  1  2"  ,  The  core  is  adaptable  to 
the  slider  type,  shear  diaphragms  or  petal  type  valve.  Following  the  v.ih  e 
is  the  d.S-inch  launch  tube  in  which  the  projectile  is  placed.  The  lirst  sec¬ 
tion  i»l  the  i  a  u  m  1 1  lube,  i  a  1 1  ed  the  I  <i  ui  i<  h  tube  i  oi  i  iici  t  u  i‘ ,  is  lumpriacd  n! 
several  inner  disposable  lubes.  The  launch  lube  proper  is  made  of  two 
5- inch  gun  barrel  blanks  which  have  been  bored  to  2,5  inches  and  encased 
in  a  155-imn  gun  lube  that  serves  as  a  launch  tube  holder.  The  total  pro¬ 
jectile  travel  as  measured  from  the  valve  to  the  launch -tube  mu/,/.le  is 
id  feel  or  163  calibers. 

The  entire  gun  structure  is  mounted  on  wheels  and  rails  allowing 
movement  in  either  direction  along  the  longitudinal  axis  ol  the  gun.  This 
type  ol  mount  eliminates  the  necessity  for  large  lifting  equipment  Lo  sepa¬ 
rate  gun  components,  A  second  advantage  of  the  rail  system  is  that  it  elim¬ 
inates  the  chance  of  transmitting  ground  shock  to  nearby  installations, 

Following  the  gun  is  a  blast  tank,  a  viewing  section,  and  a  target 
chamber.  The  blast  tank  is  23  feet  long,  9-3/4  feet  in  diameter,  and  con¬ 
tains  a  series  of  eight  baffle  plates  with  trajectory  holes  varying  from  4-3  /2 
to  10  inches  in  diameter.  The  viewing  section  contains  three  sets  of  hori¬ 
zontal  and  two  sets  of  vertical  optical  ports.  Here  the  projectile  velocity 
measurements  are  taken  using  the  Hall- shadowgraph  method  (3).  The  tar¬ 
get  chamber  is  a  steel-walled  tank  constructed  to  contain  the  gas  blast  and 
debris  associated  with  target  impacts. 
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The  gun  is  tired  by  a  pulse  from  the  shadowgraph  camera  counter 
which  actuates  a  solenoid -controlled  firing  pin. 

Two  vacuum  fore  pumps  and  a  booster  with  a  high  pumping  rale  but 
limited  vacuum  capability  are  required  to  draw  and  maintain  the  necessary 
vacuum  extending  from  the  quick  opening  valve  through  the  launch  tube, 
blast  tank,  viewing  section,  and  target  chamber.  The  time  required  to  ob¬ 
tain  an  adequate  vacuum  is  approximately  two  hours. 

The  NRL  8.2",  2.5  w  hypervelocity  gun  was  fired  for  the  first  time  on 
March  9,  1963.  A  piston  of  polyethylene  and  water  (Figure  6)  weighing 
70-1/2  pounds  was  used  to  compress  the  driver  gas  (hydrogen).  The  ini¬ 
tial  gas  pressure  was  197  psig.  A  slider-type  quick- opening  valve  made 
of  7075-T6  aluminum  was  used  for  the  first  shot.  The  center  of  the  valve 
is  slotted  and  drilled  to  break  at  a  predetermined  pressure.  A  Lexan  pro¬ 
jectile  weighing  253.25  gm  (8.93  o?,)s  2.5  inches  in  diameter  and  2.75  inches 
long  was  used.  It  was  a  true  cylinder  except  for  a  slight  cup  on  the  high 
pressure  end. 


Figure  6  -  Polyethylene -water  piston  for 
the  8.2*,  2.5*  light-gas  gun 
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The*  shot  was  fired  at  approximately  one -half  maximum  piston  energy 
and  proved  highly  successful  since  the  projectile  attained  a  planned  veloc¬ 
ity  of  18,300  ft /sec  and  hit  the  target  on  trajectory.  The  axial  movement 
of  the  gun  was  less  than  1/2-inch  in  the  direction  of  the  breech  end.  The 
gun  structure  suffered  no  damage  and  the  core  damage  was  minimal. 
Although  the  core  expanded  somewhat  in  the  tapered  section,  it  is  reusable 
except  for  the  replacement  of  the  valve  and  two  sections  of  2.5-inch  tubing 
(Core  Pt.’s  13,  14  —  Figure  5).  The  core  expansion  caused  the  lead  to  flow 
into  the  slots  over  a  length  of  approximately  6  inches.  The  core  was  ex¬ 
tracted  from  the  high  pressure  case  at  approximately  the  same  load  thai 
was  required  to  press  it  in,  however. 

Future  shots  are  planned  which  will  make  full  use  of  the  capability 
of  the  gun  and  facility.  Changes  which  can  and  will  be  made  on  individual 
shots  are  powder  loading,  piston  weight  and  design,  gas  loading,  valve 
type  and  break  pressure,  launch  tube  diameter,  the  type,  weight,  and  size 
of  projectile,  and  instrumentation.  The  gun  is  designed  to  shoot  projec¬ 
tiles  of  several  types  including  cylinders,  sabots,  and  traveling  explosive 
charges.  The  blast  tank  and  auxiliary  chamber  are  designed  for  installa¬ 
tion  of  a  sabot  stopper  which  will  permit  only  the  projectile  to  pass  through 
the  viewing  section  and  into  the  target  chamber.  The  target  chamber  is 
designed  in  nrrnmmodale  a  ballistic  pendulum  which  may  hr  installed  for 
mcra.su ring  projectile  mass. 


Related  Ciun  Studies 

A  development  program  to  support  the  operation  o!  light -gas  guns  at 
NRL  has  been  in  operation  for  several  years.  The  basic  aim  of  this  re¬ 
search  is  to  design  components  for  use  with  light -gas  guns  and  to  develop 
instrumentation  c  apability  fur  monitoring  the  internal  ope: ration  of  gas  guns. 


Petal  Valve  Development 

One  of  the  most  critical  phases  of  a  light -gas-gun  firing  sequence 
is  the  release  of  the  projectile  package.  The  position  of  the  compression 
piston  and  the  local  gas  pressure  at  the  time  of  projectile  release  strongly 
affect  peak  projectile  acceleration  levels  and  velocity  performance  of  the 
gun.  Shearoul  diaphragms  have  long  been  used  for  projectile  release 
valves  and  are  highly  reliable,  but  the  sheared  disk  whichunust  be  accel¬ 
erated  with  the  projectile  package  adds  to  the  total  launch  weight  and  must 
be  deflected  after  launch.  Slide  valves  have  also  been  developed  for  pro¬ 
jectile  release  applications  and  were  reported  earlier  (4). 

Petal-type  projectile  release  diaphragms  patterned  after  similar 
units  in  operation  at  the  Naval  Ordnance  Laboratory  (5)  have  been  developed 
for  use  in  several  light -gas  guns  during  the  last  year.  A  disk  of  stainless 
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steel  is  scored  with  two  crossed  grooves  and  is  mounted  between  the 
launch  tube  and  compression  lube  of  a  light -gas  gun.  The  diaphragm 
bulges  and  then  tears  along  the  grooves  as  the  driver-gas  pressure  in¬ 
creases.  After  tearing  apart, 'the  segments  (petals)  are  bent  against  the 
wall  of  a  retainer  by  the  high  pressure  gas,  which  then  lias  an  unobstructed 
flow  path  into  the  launch  tube.  The  initial  petal  diaphragms  were  con¬ 
structed  for  the  3.25",  .830"  gas  gun  using  design  data  from  NOL  and  per¬ 
formed  as  expected  both  when  tested  statically  in  an  hydraulic  facility  and 
in  the  gas  gun.  A  series  of  petal  diaphragms  has  also  been  designed  for 
the  1.63",  .22",  the  1.63",  .30",  and  the  1.63",  .60"  gun  configurations 
where  maximum  projectile  release  pressures  as  high  as  100,000  psi  are 
required.  The  initial  design  parameters  were  computed  from  pressure 
and  size  extrapolations  of  the  data  obtained  from  the  0.83"  diaphragm 
development  and  the  static  test  results  were  within  ±3%  of  the  predicted 
release  pressures.  Diaphragms  constructed  using  second  approximations 
deviated  less  than  ±1.5%  from  expected  release  pressures. 

The  possibility  exists  that  any  of  the  projectile  release  mechanisms 
presently  in  use  may  not  open  at  the  same  pressure  when  dynamically 
loaded  in  a  gas  gun  as  they  do  in  the  hydraulic  facility,  in  which  pressure 
loads  arc  applied  slowly.  Two  phenomena  that  could  cause  deviations 
between  static  and  dynamic  operation  are  differences  between  the  static 
and  dynamic  strengths  of  the  materials  used  in  the  release  mechanisms 
and  the  finite  growth  rate  ol  ciolormaUunH  oi  liu*  release  iner li.mism;. 
which  occur  before  opening* 


(las  Dynamic  Pressure  Generator 

It  has  been  reasoned  that  an  adequate  dynamic  lest  of  release  mech¬ 
anisms  would  be  to  subject  them  to  a  rapidly  changing  pressure  pulse 
whose  lime  derivative  at  release  is  the  same  as  that  encountered  within 
(he  gun.  The  pressure  measured  at  the  opening  time  of  the  release  mech¬ 
anism  during  a  test  ought  to  bo  a  close  approximation  of  the  projectile 
release  pressure  in  a  gas-gun  firing.  A  gas  dynamic  pressure  generator 
lias  been  constructed  using  a  37 -mm  chamber  and  an  adaptor  that  con¬ 
tains  mounting  fixtures  for  projectile  release  mechanisms  and  a  dynamic 
pressure  sensor  (Figure  7).  Both  the  sensor  and  the  release  mechanism 
are  mounted  at  right  angles  to  the  axis  of  the  37-mm  chamber  to  eliminate 
measurement  errors  caused  by  pressure  gradients  along  the  gas  column. 

A  test  is  started  by  igniting  a  calibrated  charge  of  powder  in  the  37-mm 
gun  chamber.  The  resulting  gas  pressure  rise  is  monitored  by  the  pres¬ 
sure  sensor  and  opening  of  the  release  mechanism  is  detected  by  a  sharp 
reduction  in  gas  pressure  as  shown  on  a  photographic  oscillogram  of  the 
pressure-time  profile. 
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Figure  7  -  Gas-dynamic  test  chamber  for  studying 
projectile  release  mechanisms 


Preliminary  i^t**  of  shea  rout  nnrl  n  r»  i  n  I  Hinnhraems  have  been  made 
with  the  gas  dynamic  pressure  system  using  pressure  increase  rates 
that  both  simulate  and  exceed  values  predicted  for  gas-gun  firing  situa¬ 
tions.  The  results  indicate  that  no  significant  difference  exists  between 
static  and  dynamic  pressures  required  to  actuate  either  mechanism  for 
release  pressures  up  to  40,000  psi. 


Piston  Leakage 

The  various  analyses  of  light-gas  gun  firings  assume  ideal  operation 
of  some  phases  of  the  gun-firing  sequence*  Since  each  of  the  presently 
available  techniques  has  limited  capability  to  predict  the  firing  results 
of  light- gas  guns,  the  possibility  exist?  that  some  of  these  assumptions 
are  not  adequate.  Two  of  the  most  common  of  these  assumptions  are 
that  no  leakage  of  the  driver  gas  occurs  around  the  piston  during  its 
compression  stroke  and  that  projectile  bore  friction  is  negligible.  An 
attempt  has  been  made  to  evaluate  these  assumptions  experimentally  for 
the  case  of  a  .830“ ,  .30"  light-gas  gun. 

The  experimental  arrangement  used  to  investigate  piston  leakage 
is  shown  in  Figures  8  and  9*  The  aim  of  this  experiment  is  to  obtain  a 
sample  of  the  powder  gas  that  was  used  to  accelerate  the  compression 
piston  and  determine  the  concentration  of  driver  gas  (helium)  contained 
in  it* 
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Figure  8  -  Cross  section  of  a  .830"  (20mm),  .30"  liuht-gas  gtin 
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Figure  9  -  Fractomute r  setup  used  for  measuring  gas  leakage 
around  the  compression  piston  of  a  light-gas  gun 
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All  e r  a  tost  shut,  a  sample  of  gas  is  taken  from  Section  A  (Figure  8) 
and  passed  through  a  vapor-phase  fractometer  having  a  molecular- sieve 
partitioning  column  and  employing  nitrogen  as  a  carrier  gas  (Figure  9)< 

Any  traces  of  helium  in  the  sample  gas  is  converted  to  the  output  voltage 
of  a  resistance  bridge,  because  of  the  differences  in  thermal  conductivity 
of  the  two  gases.  The  bridge  output  is  recorded  on  a  standard  time -vs - 
voltage  recorder  in  the  form  of  a  continuous  curve.  The  area  under  the 
peak  caused  by  the  helium  is  directly  proportional  to  the  total  amount  of 
helium  which  passed  through  the  detection  cell  of  the  Iractometer. 

One  of  the  problems  encountered  in  this  experiment  was  the  presence 
of  large  amounts  of  hydrogen  as  well  as  helium  in  the  gas  samples,  which 
the  available  fractometer  equipment  was  not  able  to  separate.  The  use  of  a 
c opper- oxide  furnace  ahead  of  the  column  allowed  the  hydrogen  to  react  with 
oxygen  and  form  water,  which  was  disposed  of  easily. 

Calibrtition  curves  showing  the  percent  of  helium  in  relation  to  total 
volume  can  be  obtained  by  setting  up  a  closed  system  in  the  actual  pump 
lube,  loading  with  predetermined  pressures  of  helium  and  firing  the 
standard  charge  of  propellant  into  the  helium  without  a  separating  pioton. 
The  amount  of  helium  present,  in  the  calibration,  is  determined  from  the 
equation  of  slate: 


p  , - '  PT 

win*  re  p  is  i  In-  pressure,  R  is  the  gas  constant  in  terms  ol  energy  per  unit 
mass,  and  r  the  absolute  temperature.  Once  the  density  f  is  computed, 
On1  mass  of  helium  can  be  computed  from  the  known  tube  volume,  A  cal¬ 
ibration  curve  is  them  made  where  the  fractometer  reading,  in  square 
inches,  is  related  to  the  computed  mass  of  helium  present.  Fractogram 
readings  from  shots  may  then  be  referred  to  this  curve  to  determine  the 
helium  present. 

In  tests  conducted  with  a  .8  30"  ,  .30"  gun  and  a  piston  of  polyethylene 
backed  up  with  aluminum  showed  a  23%  leakage.  Projectile  velocity  of 
this  shot  was  18,000  fps.  Another  shot  with  a  Lexan  piston,  in  which  no 
significant  leakage  was  delected,  had  the  projectile  velocity  raised  to 
22,000  fps.  Both  tests  were  conducted  under  identical  conditions,  except 
for  piston  material  and  design. 


Projectile-Bore  Friction 

The  projectile-bore  friction  forces  generated  during  the  early  phases 
of  a  gas-gun  launch  have  been  partially  simulated  under  laboratory 
conditions.  Figure  10  shows  the  experimental  setup.  A  test  projectile  is 
placed  in  a  short  length  of  launch  tube  and  is  held  in  place  with  two  lengths 
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Experimental  setup  for  deter-  Theoretical  model  for 

mining  the  coefficients  of  friction  of  te8t  bore  friction  study 

projectiles  and  lubricants 


*  Oil 


Variation  of  projectile  coefficient  of  friction 
with  applied  pressure  (#,  coefficient  of  friction  of  *1340, 

0.300  in.  l.D.  stcei  bore;  obtained  from  experiments  and 
calculated  by  using  Equation  (4)1 

Figure  10  -  Laboratory  simulation  of  projectile ~bore  friction 
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of  hardened  drill  rod.  A  calibrated  clamp  that  engages  the  drill  rods  is 
used  to  compressively  load  the  test  projectile  to  a  predetermined  pres¬ 
sure.  A  calibrated  press  is  then  used  to  slowly  force  the  test  projectile 
along  the  launch  tube  and  the  required  force  F  is  related  to  the  bore  fric¬ 
tion  during  a  projectile  launch  by  the  following  analysis  based  on  Figure  10. 

In  the  light-gas  gun,  pressures  several  times  the  yield  strength  of  the 
projectile  are  developed.  To  simplify  the  problem,  it  is  assumed  that  the 
material  retains  its  shear  modulus,  and  that  pressures  developed  in  any 
projectile  lamina  are  transmitted  undiminished  to  the  bore  wall. 

Since  the  acceleration  used  to  determine  F  is  infinitesimally  small,  the 
Only  pressure  gradient  in  the  projectile  is  the  result  of  the  fricLon  developed 
in  any  projectile  lamina  of  thickness  Ax  ,  The  elemental  friction  force  Af 
in  this  lamina  is  given  by  utilising  the  elementary  definition  of  //.,  the  coef¬ 
ficient  of  friction. 

Af  =  P(X)//-;?nAx  ,  where  D  is  the  diameter  of  projectile  and  bore.  By 
the  assumptions  about  transmission  of  internal  pressures  P(X)  to  the  wall, 


dp(X)  ^  4/i 

dX  7/1)2  AX  P  PlX) 


U) 


Solving  Equal  ion  (1)  for  P(X)  yields 

P(X  >  -  I)  jr.<4'*x/l,>j 


(2) 


where  n  is  an  arbitrary  constant.  By  applying  boundary  conditions  as  shown 
in  Figure  10, 


(Fc  -  clamping  force) 


4  Fc 

P  ( X  “  0  )  -  n; 

7/rr 
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Tin*  ratio  of  tlu*  clamping  f'-rcc  lo  the  total  force  is  then 


Fc 

F  i  Ft. 


-4uC 


(5) 


Taking  the  logarithm  of  Equation  (5), 


/< 


1  n  p 
4C 


Five  sabot  materials  were  tested  in  combination  with  five  lubricants. 

The  results  for  four  of  the  combinations  having  the  lowest  coefficient  of 
friction  are  plotted  in  Figure  10.  The  curves  were  computed  from 
Equation  (6). 

Dusting  the  projectile  and  bore  with  molybdenum  disulphide  powder 
(MOLY)  was  highly  effective  in  reducing  friction  at  pressures  above  10,000 
psi  when  both  steel  and  titanium  projectiles  were  tested.  With  a  1020  steel 
projectile  in  the  4  340  steel  bore.  {0,300  in.  I.D.),  the  coefficient  of  friction 
was  reduced  from  0,12/  (no  lubrication)  to  a  minimum  of  U.U34  at  lc„5,00U 
psi  wilh  Ihc  use  nf  MOLY  as  the  lubricanl.  The  material  having  the  lowest 
coefficient  of  friction  (0.016)  wilh  MOLY  lubricanl  was  titanium  alloy  CPDE- 
Y-7Z0  (sp.  gr.,  4.6;  hardness,  Rockwell  C  40-45). 

A  Z0Z4-T4  aluminum  projectile  coated  with  Teflon  had  a  minimum 
coefficient  of  friction  of  0.042  at  160,000  psi,  the  highest  pressure  used. 

The  nylon  projectile,  with  half  of  the  surface  relieved  0,005  in,  in  the 
center  position,  did  not  respond  significantly  to  any  of  the  lubricants  which 
were  tested  (MOLY -grease ,  MOLY-oil,  MOLY -powder,  grease,  or  Teflon) 
but  exhibited  a  minimum  coefficient  of  friction  of  about  0.048  at  about 
125,000  psi.  While  the  coefficient  of  friction  is  low  compared  to  values 
in  standard  determinations,  it  is  in  fair  agreement  with  dynamic  friction 
studies  made  in  hype rveloc ity  firings  of  0.30-in,  (O.D.)  Teflon-coaled 
aluminum  projectiles  (9)* 


Sabot  Breakup  Studies 

Considerable  difficulty  was  experienced  during  the  development  of 
sabots  with  sabot  fragments  following  the  projectile  along  the  trajectory 
and  destroying  target  impact  data.  It  was  first  reasoned  that  the  sabots 
were  functioning  properly  within  the  gun  but  were  not  separating  ade¬ 
quately  after  launch.  This  problem  was  investigated  by  placing  a  velocity 
measurement  port  of  a  Hall  optical  system  as  close  to  the  muzzle  of  the 
gun  as  possible  (5  ft  for  the  1.63“  gun;  10  ft  for  the  3.25“  gun).  The  Hall 


1  n  t) 
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system  is  continuously  sensitive  for  0.1  sec  and  generates  shadowgram 
images  of  all  objects  passing  the  port  during  tnat  time.  Photographic 
results  showed  that  sabot  fragments  almost  always  preceded  the  launched 
pellet  in  cases  where  the  target  was  ruined  by  secondary  impacts.  This 
result  indicates  the  sabot  fragment  left  the  muzzle  before  the  launched 
pellet  and  therefore  that  the  sabot  mechanically  failed  during  launch. 

A  flash  x-ray  source*  with  a  pulse  duration  of  less  than  10‘7  sec 
was  then  set  up  to  radiograph  the  sabot  package  as  it  lc*ft  the  launch  tube. 
The  x**ray  source  is  triggered  by  placing  a  thin  aluminum  foil  (.001" 
thick)  across  the  end  of  the  launch  tube  and  viewing  the  foil  with  a  photo 
pickup.  The  impact  flash  caused  by  the  sabot  package  striking  the  foil 
initiates  a  set  time  delay  which  triggers  the  x-ray  source.  The  system 
has  worked  reliably  when  the  sabot  package  remains  intact  during  the 
launch  but  is  triggered  early  when  the  sabot  fails  due  to  early  rupture 
of  the  aluminum  foil  by  fragments  or  escaping  gas.  Figure  11  is  a 
radiograph  of  a  successful  sabot  launch  of  a  5/16"  steel  sphere  (V  =  4.95 
km/sec).  Measurements  have  shown  that  the  sabot  has  been  deformed 
but  not  fractured. 


Figure  11  -  Radiograph  of  a  saboted  steel  sphere  (5/16"  dia)  near 
the  muzzle  of  a  1.63",  .60"  gas  gun  (V  4.95  km/sec) 

Instrumentation  to  Support  Computer  Studies 

Various  instrumentation  elements  have  been  installed  on  the  light - 
gas  guns  to  provide  information  for  the  NAREC  computer  program. 
Powder  chamber  pressures  are  being  measured  with  Ferrule  and  hot 
strain  gauge  sensors  developed  at  Ballistics  Research  Laboratory  (6). 
Piston  velocities  and  accelerations  are  being  measured  with  electrically 
insulated  That  cau  withstand  pressures  over  30,000  psi.  All  pro¬ 

jectile  velocities  are  measured  with  the  Hall  velocity  measuring  system 
using  two  independent  sets  of  timing  marks  for  measuring  film  velocity. 

A  10 -kc  primary  system  with  an  accuracy  of  i0.1%  is  backed  up  by  a  1-kc 
system  with  an  accuracy  of  iO.5%. 

*Field  Emision  Corp.  Mod  235* 
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In  order  Lo  fully  exploit  light-gas  gun  capability,  it  is  necessary  to 
evaluate  the  interrelation  of  the  variables  affecting  gun  performance. 

These  variables  may  be  classified  into  two  categories.  They  are:  (1) 
the  gun  parameters  (such  as  the  length  and  diameter  of  the  compression 
lube  and  of  the  launch  lube),  which  relate  to  the  geometry  of  the  gun  and 
are  relatively  fixed,  and  (<>)  the  firing  parameters  (that  is,  piston  mass, 
projectile  mass,  powder  load,  type  of  gas,  initial  light- gas  temperature 
and  pressure,  and  the  projectile  release  pressure),  which  can  be  readily 
varied  from  each  shot  to  the  next*  The  gun  performance  is  usually 
determined  by  maximum  projectile  velocity  and  acceleration,  maximum 
light- gas  pressure  and  temperature,  and  piston  motion  (either  bounce 
or  impact  inLo  the  high  pressure  section).  The  effect  on  the  gun  pe  r~ 
formance  of  varying  the  firing  and  gun  parameters  could  be*  determined 
empirically.  However,  in  most  cases,  this  would  be  extremely  costly 
both  in  time  and  money.  A  much  more  reasonable  approach  is  to  simu¬ 
late  on  a  high-speed  digital  computer  the  processes  of  a  light-gas  gun 
firing.  Since  the  computer  can  “shoot”  more  frequently  than  a  real  gun, 
a  larger  number  of  gun  configurations  can  be  examined  and  the  gun 
purrimHcrs  k  .» n  be  allrred  more  readilv.  Also,  the  cost  per  shot  is 
generally  much  lower  than  for  a  real  gun. 

'The  purpose  of  a  light-gas  gun  eomputrr  study  is  to  enable  tin* 
dele  rm  inn  I  inn  uf  (lint  gun  configuration  which  will  produce  a  desired  per- 
fn  rhuii'n’e  with  tin  miiiirmiio  possible  stress  on  the  gun  and  projectile. 

In  other  words,  given  a  projectile  mass  and  a  desired  veloeily,  the  com¬ 
puter  can  determine  the  firing  parameters  which  will  achieve  this  with 
Ihe  least  light -gas  pressure,  projectile  acceleration,  etc,  '1’his  enmpuler 
study  is  programmed  for  the  NRli  NARKC  high-speed  digital  compute  r 
.oxl  is  a  continuation  of  previous  eompuier  studies  of  light-gas  guns  (7,8, V) . 


Gun  Simulation  Program 

The  geometry  of  the  theoretic*al  gun  is  illustrated  in  Figure  l<lt  The 
program  provides  for  altering  any  of  the  dimensions  of  the  gun.  The 
most  significant  simplification  made  in  the  gun  geometry  is  the  elimina¬ 
tion  of  a  taper  at  the*  end  of  the  compression  section.  The  presence  of  a 
taper  at  the  end  of  the  compression  section  has  boon  demonstrated  experi¬ 
mentally  (10)  to  increase  projectile  velocity.  This  is  probably  due  to  the 
geometrical  effect  that  deformation  of  the  piston  into  the  taper  decreases 
the  cross-sectional  area  of  the  piston,  which  decreases  the  total  retard¬ 
ing  force  on  the  piston  for  a  given  gas  pressure.  Consequently  the  piston 
will  have  a  higher  velocity  than  it  would  in  a  flat-bottomed  compression 
section  and  will  impart  a  higher  velocity  to  the  projectile.  In  any  future 
work  with  this  program,  provision  will  be  made  to  include  this  effect  of 
the  taper . 


NR  L  ACCELERATOR  DEVELOPMENT 

Table  III 
List  of  Symbols 

=  77T)J  '4 
=  77  D j  '4 

=  projectile  acceleration 
=  launch  tube  diameter 
=  compression  tube  diameter 
=  incremental  change 
=  energy  or  work  done 

=  acceleration  of  gravity  at  the  earth's  surface 
=  ratio  of  specific  heats 

-  launch  lube  length 

=  compression  lube  Length  (effective  distance  of 
piston  travel) 

-  standard  gun  length  -  78,8  *  A2 
=  projectile  mass 

=  piston  mass 

=  light-gas  molecular  weight 

-  light-gas  pressure 

=  average  light-gas  pressure 
=  universal  gas  constant 
=  light-gas  temperature 
=  time 
=  t/L2 


=  piston  velocity 
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Tabic  III  (Continued) 

List  of  Symbols 

ti  =  average  piston  velocity 

V  -  free  light- gas  volume  (in  units  of  ~  X  -t  ■—  Y  -  Vr 

Vr  -  light -gas  covolunu*  (in  units  of  A2  Lj  )  =  i>Pn  RTn 
w  =  projectile  velocity 
w  =  average  projectile  velocity 
x  =  piston  position 

X  =  piston  position  (in  units  of  L. )  = 

1  7 

v  "  projectile  position 

V  ~  projectile  position  (in  units  of  L2  )  -  y  I,2  (with  the 
important  exception  that  in  the  computer  output,  Y 
is  in  unit  s  of  1  j  ) 

n  uni  ia  1  condition 

1  projectile  or  launch  tube 

2  piston  or  compression  tube 
j  beginning  of  interval 

k  -  end  of  interval 
r  =  projectile  release 
i>  powder  gas 


Constants 

van  cler  Waal’s  constants: 

hydrogen  -  a  =  £.48  y  1011  tlyno-cm* /(gm-mole)2 

b=  £6.61  cm3/gm-mole 

helium  -  a  =  3.44  *  10 10  dyne-cm* /(gm-mole)a 
b  =  23,4  cm3 /gm-mole 


£(1(1 
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Table  III  (Continued) 
List  of  Symbols 


y  =  5/3  (helium) 

Ks  =  powder  gas  pressure  constant  =  0*376  (3.25-inch 
gun) 

i»  =  9 BO  cm  /  sec  2 
K  =  0*8315  *  108  crgs/molc  nK 


y  s  0 


Figure  12  -  Theoretical  gun  geometry 


Another  basic,  simplification  is  made  in  the  treatment  of  the  initial 
piston  motion  and  powder  gas  pressure.  Until  the  powder  burns  out,  the 
piston  motion  is  described  by  an  empirical  equation  which  relates  the 
instantaneous  piston  position  and  its  free  muzzle  velocity,  uf,  to  its 
instantaneous  velocity.  The  free  muzzle  velocity  of  a  piston  is  the  veloc¬ 
ity  the  piston  would  attain  with  the  given  powder  load  if  fired  into  a 
vacuum  from  a  standard  open-ended  powder  gun  of  the  same  diameter  as 
the  compression  section.  The  free  muzzle  velocity  must  therefore  be 
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empirically  related  to  the  powder  load  for  a  given  gun.  The  powder  is 
considered  to  have  burned  out  when  the  piston  is  approximately  86%  of 
the  way  down  the  compression  section.  At  this  point,  the  powder  gas 
pressure  is  empirically  related  to  uf  and  is  hereafter  varied  by  adiabatic 
expansion  using  /=  1,21.  The  use  of  these  empirical  approximations  was 
originally  dictated  by  the  limited  storage  capacity  of  the  NAREC  computer. 
While  this  is  no  longer  the  case,  their  continued  use  is  warranted  by  the 
considerable  savings  in  computation  time. 

In  describing  the  light- gas  gun,  van  dor  Waal’s  equations  are  used  to 
determine,  temperature  and  pressure.  This  takes  into  account  the  effect 
of  the  gas  covolurne  (the  volume  occupied  by  the  gas  molecules)  and  the 
inter  molecular  potential  energy,  which  becomes  significant  when  the  gas 
is  highly  compressed.  Except  for  the  Mach  correction  to  the  pressure  at 
the  base  of  the  projectile,  the  light  gas  is  assumed  to  have  uniform  pres¬ 
sure  and  temperature  throughout  its  volume.  The  value  of  the  ratio  of 
specific  heats,  y ,  for  hydrogen  is  obtained  from  an  empirical  equation  as 
a  function  of  temperature  (11): 

y  =  1.28  ll  +  exp  (-2.27  -  1.581  x  10‘7  T1'8)]  . 


This  equal  ion  was  obtained  for  a  pressure  of  one  at  mos.phe  re .  While 
pressures  in  the  gun  go  considerably  above  Ibis,  it  is  nevertheless  the 
best  description  of  i  available  and  is  somewhat  more  realistic  than  keep¬ 
ing  >  constant. 

Finally,  it  should  be  noted  that  in  this  program  no  provision  is  made 
tor  shock  waves  in  the  light  gas  or  for  the  constriction  of  the  gas  flow 
from  the  compression  tube  into  the  launch  tube.  These  effects  are  unques¬ 
tionably  present,  and  perhaps  significant,  but  are  omitted  mainly  because 
of  the  speed  limitations  of  the  NAREC  computer. 

The  shot  calculations  proceed  in  four,  generally  consecutive,  phases: 
(1)  from  the  beginning  of  powder  burning  to  powder  burnout,  (2)  from 
powder  burnout  to  projectile  launch,  (3)  from  projectile  launch  to  piston 
bounce  or  impact,  and  (4)  from  piston  bounce  or  impact  until  the  projectile 
leaves  the  muzzle.  The  calculations  are  done  by  a  reiterative  process  in 
which  the  variables  are  altered  by  small  increments.  The  equations  and 
procedures  of  each  phase  are  as  follows: 

(1)  A  small  increment  of  piston  position  Ax^,  is  arbitrarily  selected.* 
Using  a  Taylor  expansion,  the  average  piston  velocity  over  the  interval, 


*The  symbols  are  defined  in  Table  III. 


NllL  ACCELERATOR  DEVELOPMEN  1 


ujk,  is  calculated,  The  lime  incrrmnU  is  l!u*n  ;jk  .\X  fc  u  k  .  Tin1  empir¬ 
ical  equation  for  piston  velocity  is 


u.  “  1.02  n 
k 


«*X|> 


1  > 


where  th*'  piston  position,  Xk,  initially  equals  1  and  goes  to  zero  at  the  end 
o!  the  compression  section.  The  gas  volume  is 


vk  r  xw  +  T  Yk  “  v* 
2 


where  the  projectile  position,  Yk  ,  initially  equals  zero.  Then  using  van  dt  r 
Waal’s  equations  for  adiabatic  compression,  the  light -gas  temperature  and 
pressure  are  given  by 

vV  J . 


Tk  r  T,  <v,  VT 

V, 


/  «r„ 

k  \klo 


(V  tV(.'i2 


r„ 

v,X 


Tin*  total  work  done  by  the  light  gas  on  l hi*  piston  is 

K  ■  V  V  .AX  . 

Z—i  )K 


where  P  k  is  the  average*  light-gas  pressure  over  the  interval. 

(?.)  At.  the  point  of  powder  burnout  the  piston  energy  is  reduced  by  the 
work  done  on  the  light  gas, 


E. 


Pressure  behind  the  piston  is  determined  by  the  empirical  equation 


Hj  uf2  0.R6L, 

K*i*£r  l,  (i-xk) 


where  K,  is  an  empirically  determined  constant  and  La  is  the  length  of 
the  standard  powder  gun  corresponding  to  the  compression  tube  diameter; 
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,md  is  given  by  Ls  ~  7K.s  .  A?.  The  change  in  piston  energy  is  nov  calcu¬ 
lated  by 

af._  .  --  (p  .  -  r  . )  Ax.. 

2  j  k  '  pk  j  k  ’  j  k 

and  the  resulting  piston  velocity  is 


=i/7;' 


AR. 


2jk  * 


Other  calculations  proceed  as  for  phase  (1). 

(3)  Once  the  projectile  launches  the  time  increment  A 7  .k,  is  fixed  and 
the  piston  and  projectile  average  velocities »  T7jk  and  Wjk,  are  extrapolated 
using  Taylor  expansions  so  that  the  position  increments  are  AXjk  ~  ii-k  A/jk 
;vr.d  \Y.  =  w . A;  respectively.  The  increment  of  work  done  cm  Ihe  pro¬ 

jectile  by  the  li gnl  gas  is  calculated  using  a  Mach  correction  for  the  pres¬ 
sure  at  the  base  of  the  projectile  and  is  given  by 


id? 


Ay 


ik  ■ 


tme,  pnnei 


till 


el  ot  It  y  i  H 


/*?  • 


and  the  projectile  acceleration  is  njk  e  (wk-wj  )/ATjkl,2.  Other  calculations 
proceed  as  for  phase  (1). 

(4)  (a)  If  the  piston  bounces,  the  piston  velocity  equation  is  altered  to 


(b)  If  the  piston  impacts  into  the  end  of  the  compression  section, 
then  the  piston  position  and  velocity  are  set  equal  to  zero  and  further 
piston  calculations  are  eliminated.  Increments  of  projectile  position  are 
now  chosen  arbitrarily  and  the  time  increments  are  calculated  by 


At..  =  Ay..  .  . 

)k  ik  jk 


Other  calculations  proceed  as  for  phase  (1). 
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The  computer  performs  the  calculations  in  cgs  units;  however,  for 
convenience,  the  input  and  output  data  are  supplied  in  mixed  units.  The 
input  data  consist  of: 

projectile  mass*  (gm) 
piston  mass  (lbs) 
initial  light-gas  pressure  (psia) 
projectile  release  pressure  (psia) 
initial  light- gas  temperature  (°K) 
free  piston  velocity  (km /sec) 
light-gas  molecular  mass  (gm) 

compression  tube  and  launch  tube  length!  and  diameter  (inches). 
The  output  data  are: 

piston  and  projectile  position  (in  units  of  compression  tube  and 

launch  lube  length  respectively) 

piston  and  projectile  velocity  (km/sec) 

projectile  acceleration  (10®  g) 

light-gas  pressure  (psia)  and  tempi; rature  (tlK) 

time  (i.  sec)  (see  Figure  1 1  for  sample  input /out  pul  data). 

The  computer  also  produces  1:»p»*«*  fnr  ir.'dly  pl'Uiing  llv  pirton 

and  projectile  velocities,  the  projectile  acceleration,  and  Ihe  Light -gas 
pressure  vs  lime  from  tin*  beginning  of  the  projectile  launch  until  Ihe  end 
of  tin*  shot.  A  sample  of  these  curves  is  presented  in  Figure  1*1. 


Systematic  Variation  of  Parameters 


The  specific  study  considered  here  is  of  the  .$,<25"  NRL  light-gas  gun. 
This  gun  has  a  compression  section  ZlU"  long  and  3,<25"  in  diameter,  and 
a  launch  tube  168"  long  and  0.83"  in  diameter,  These  gun  parameters 
were  constant  throughout  the  study.  While  the  program  is  capable  of  taking 
into  account  simple  frictional  effects  and  radiaLion  heat  losses,  friction 
has  been  omitted  for  the  sake  of  simplicity  and  clarity,  and  radiaLion  heat 
losses  have  been  omitted  because  recent  computations  showed  them  to  be 
negligible.  Also,  in  order  to  reduce  the  number  of  variables,  preheat  was 
not  considered  at  this  time.  The  initial  light -gas  temperature  for  all  shots 
was  taken  as  300 °K, 


^Projectile  mass  means  the  entire  mass  of  the  package  accelerated  down 
the  launch  tube.  This  includes  any  sabot  and  shear  disk  masses  as  well 
as  the  actual  projectile. 

tCompression  tube  length  means  the  effective  distance  of  piston  travel. 
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IIMk  l^iSCCl 

Figure  14  -  Gun  performance;  curves 


The  remaining  firing  parameters  were  given  the  following  range  of 
values: 


projectile  mass  -  7,  14,  21  gm 

piston  mass  -  4.5,  9,  13*5  lbs 

free  piston  velocity  -  2500,  3000,  3500  fps 

projectile  release  pressure  -  5,000,  10,000,  20,000  psia 

initial  light-gas  pressure  -  150,  200,  250,  300,  350  psia 

light  gas  -  hydrogen,  helium. 

These  particular  values  and  ranges  were  selected  as  a  compromise 
between  the  requirements  of  a  thorough,  systematic  study  and  the  current 

practical  operation  of  the  3.25"  gun.  Taking  all  the  possible  combinations 
of  these  parameters  results  in  405  shots  for  each  gas,  or  810  shots  total. 

In  order  to  reduce  this  to  a  manageable  number  for  a  preliminary  analysis, 
attention  is  focused  on  the  shot  whose  parameters  lie  at  the  center  of  the 
ranges  studied.  The  effects  of  variations  away  from  this  central  shot  are 
then  examined.  The  conditions  of  this  central  shot  are  14  gm  projectile, 

9  lb  piston,  3000  fps  free  piston  velocity,  10,000  psia  projectile  release 
pressure,  and  250  psia  initial  light-gas  pressure. 
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Results  o I  Firing  Parameter  Variation 


The  analysis  emphasizes  maximum  projectile  acceleration  and  maxi¬ 
mum  light- gas  pressure  as  a  function  of  maximum  projectile  velocity,  and 
the  variations  in  these  relationships  as  the  firing  parameters  are  varied. 
These  relationships  can  be  readily  examined  by  such  curves  as  Figures  15 
and  16.  From  these  and  similar  graphs,  one  can  decide  on  the  gun  config¬ 
uration  necessary  to  achieve  a  desired  projectile  velocity  with  the  lowest 
maximum  projectile  acceleration  and  light -gas  pressure. 


Figure  15  -  Maximum  projectile  acceleration 
vs  maximum  projectile  velocity  as  a  function 
of  initial  and  projectile  release  pressures 


The  effect  on  the  maximum  projectile  velocity  of  the  variations  in 
projectile  mass,  piston  mass,  and  free  piston  velocity  is  also  examined. 
The  initial  light- gas  pressure  and  projectile  release  pressure  are  held 
constant  at  250  psia  and  10,000  psia  respectively. 
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Figure  16  -  Maximum  light  - gn  s  pressure*  vs 
maximum  projectile  velocity 


The  following  discussion  will  refer  lo  the  results  for  the  hydrogen 
shots  unless  otherwise  noted.  Any  discussion  of  the  effect  of  the  variation 
of  a  parameter  presupposes  that  all  other  parameters  remain  constant. 
This  requires  some  caution  in  regard  to  the  free  piston  velocity  and  the 
piston  mass  ns  they  relate  to  the  powder  charge.  For  example,  as  the 
piston  mass  is  decreased,  in  order  to  maintain  the  same  free  piston 
velocity,  the  powder  load  must  be  decreased  accordingly. 


1,  Initial  Light- Gas  and  Projectile  Release 
Pressure  Variation 

From  Figure  15  it  can  be  seen  that  changing  the  projectile  release 
pressure  has  virtually  no  effect  on  the  maximum  projectile  velocity  and 
has  a  small  effect  on  the  maximum  projectile  acceleration.  The  acceler¬ 
ation  increases  slightly  as  the  launch  pressure  increases.  The  initial 
light-gas  pressure,  however,  has  a  marked  effect  on  both  the  maximum 
projectile  velocity  and  acceleration.  These  both  increase  as  the  initial 
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light-gas  pressure  is  decreased.  The  lower  the  initial  light-gas  pressure, 
the  more  rapid  the  rate  of  increase  of  maximum  projectile  acceleration. 
These  trends  hold  generally  throughout  the  range  of  parameters.  For  a 
heavy,  fast  piston,  however,  the  trend  is  inverted  so  that  the  projectile 
release  pressure  strongly  affects  the  maximum  velocity  and  has  little 
effect  on  the  maximum  accleration.  The  trend  for  the  effects  of  the  initial 
light-gas  pressure  remains  the  same. 

The  results  are  essentially  the  same  for  helium.  The  absolute  values 
of  both  velocity  and  acceleration  are  lower  and  the  acceleration  does  not 
increase  as  rapidly  as  it  does  for  hydrogen. 

The  maximum  light-gas  pressure  showB  the  same  trends  as  the  maxi¬ 
mum  projectile  acceleration  (see  Figure  16). 


2.  Piston  Mass  and  Free  Piston  Velocity  Variation 

Figures  17  and  18  show  that  as  the  piston  mass  or  the  free  piston 
velocity  increases,  the  maximum  projectile  vclociLy,  maximum  projectile 
acceleration  and  the  maximum  light-gas  pressure  are  increased.  It  is 
preferable,  however,  to  increase  the  piston  mass  rather  than  the  free 
piston  velocity  in  order  to  achieve  higher  maximum  projectile  velocity. 

This  will  produce  a  velocity  increase  with  a  lesser  increase  in  projectile 
acceleration  and  light- gas  pressure.  This  is  also  more  or  less  the  case 
as  one  deviates  away  from  the  central  shot  configuration. 

The  same  gun  configuration  for  helium  shows  a  reversal  of  this 
relationship.  For  the  central  shot  using  helium,  it  is  apparently  preferable 
to  increase  the  free  piston  velocity  rather  than  the  piston  mass  in  order 
to  achieve  higher  projectile  velocities. 


3a,  Projectile  Velocity  vs  Projectile  Mass 

Maximum  projectile  velocity  changes  linearly  decreasing  by  0.5  to 
1  km/sec  as  the  projectile  mass  increases  from  7  to  21  gm  (Figure  19). 

For  helium,  this  decrease  is  nonlinear  and  is  most  pronounced  for 
the  heavy,  slow  piston.  The  decrease  is  very  slight  for  either  the  heavy, 
fast  piston  or  the  light,  slow  piston.  For  the  light,  fast  piston  the  velocity 
shows  a  maximum  for  a  projectile  mass  of  approximately  14  gm. 


3b.  Projectile  Velocity  vs  Piston  Mass 

Maximum  projectile  velocity  increases  by  about  2  km /sec  as  the 
piston,  mass  is  increased  from  4,5  to  13,5  lbs.  The  increase  becomes 
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Figure  17  -  Maximum  projectile  acceleration 
vs  maximum  projectile  velocity  as  a  function 
of  piston  mass  and  velocity 
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Figure  18  -  Maximum  light-gas  pleasure  vs 
maximum  projectile  velocity  as  u  function  of 
piston  mass  and  velocity 
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progressively  less  for  the  higher  piston  masses  (Figure  <20),  Helium 
shows  similar  trends,  except  that  the  absolute  values  of  the  velocity  and 
the  increases  in  the  velocity  arc  smaller  than  for  hydrogen. 


3c,  Projectile  Velocity  vs  Free  Piston  Velocity 

Maximum  projectile  velocity  increases  linearly  by  as  much  as  1  to 
<2  km/sec  as  the  free  piston  velocity  is  increased  from  <2500  to  3500  fps 
(Figure  <21 ),  Helium  produces  essentially  the  same  trend. 


4a,  Projectile  Acceleration  vs  Projectile  Mass 

The  heavier  and  faster  the  piston,  the  more  rapidly  the  maximum 
projectile  acceleration  increases  as  the  projectile  mass  increases.  As 
the  piston  becomes  light  and  slow,  however,  this  increase  becomes  less 
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rapid,  until  for  the  4.5  lb  2500  fps  piston  the  maximum  projectile  accel¬ 
eration  actually  decreases  slightly  as  the  projectile  mass  increases 
(Figure  22). 


4b.  Projectile  Acceleration  vs  Piston  Mass 

The  maximum  projectile  acceleration  also  increases  as  the  piston 
mass  is  increased.  The  rate  of  this  increase  is  lower  for  the  lighter 
projectiles  (Figure  23). 
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4c,  Projectile  Acceleration  vs  Free  Piston  Velocity 

The  maximum  projectile  acceleration  increases  even  more  rapidly 
with  an  increase  in  the  free  piston  velocity  than  with  an  increase  in  the 
piston  mass  (Figure  24), 

The  variations  indicated  in  4a  to  Ac  arc  generally  the  same  for 
helium . 
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5.  Maximum  Light-Gas  Pressure 

The  maximum  light-gas  pressure  increases  with  an  increase  in  pro¬ 
jectile  mass,  piston  mass,  or  free  piston  velocity  throughout  the  range  of 
the  other  firing  parameters.  The  rate  of  this  increase  becomes  progres¬ 
sively  greater  for  the  larger  values  of  these  parameters  (Figures  25  to27) 
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Comparison  with  Experimental  Results 


In  most  cases,  the  projectile  velocity  is  the  only  point  o£  comparison 
between  the  computer  output  and  an  actual  light -gas- gun  shot.  In  con¬ 
junction  with  the  computer  study  of  the  3.25"  NRL  light- gas  gun,  however, 
provision  was  also  made  to  measure  the  piston  velocity  just  before  the 
high  pressure  catcher  section,  and  to  obtain  a  time  history  of  the  powder 
gas  pressure  behind  the  piston.  Preliminary  results  of  these  latter  meas¬ 
urements  indicate  that  the  computer  results  agree  with  the  actual  dynamics 
of  the  piston  to  within  5%  or  better. 
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Comparison  of  the  actual  and  computed  projectile  velocity  in  the  pre¬ 
liminary  testing  procedures  showed  discrepancies  on  the  order  of  5  to 
10%.  More  recent  evidence,  however,  indicated  that  the  sabot  package  in 
those  shots  had  broken  up  in  the  launch  tube,  which  would  invalidate  com¬ 
parison  with  computed  results.  Recent  shots  made  with  unsabot cd  pro¬ 
jectiles  have  been  compared  with  the  computer  study  by  interpolation 
between  the  selected  values  of  the  firing  parameters.  The  results  arc 
shown  in  Table  XV  and  indicate  deviations  between  actual  and  computed 
velocities  on  the  order  of  20%. 


Table  IV 


Comparison  of  Experimental  and  Theoretical 
Results  for  Hydrogen 
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Future  Development 


Two  improvements  which  can  quite  readily  be  included  in  the  com¬ 
puter  program  are  the  effects  of  the  taper,  and  piston  and  projectile 
friction.  Previous  studies  have  shown  light- gas  preheating  to  be  effec¬ 
tive  in  increasing  projectile  velocities;  hence  this  effect  too  will  be 
studied  in  detail.  Introduction  of  shock  effects  will  requirt*  the  use  of  a 
much  faster  computer.  This  will  be  considered  if  other  improvements 
in  the  program  do  not  secure  sufficiently  accurate  results. 

Once  the  computer  program  is  deemed  satisfactory,  it  can  then  be 
used  to  evaluate  and  optimize  the  operation  of  the  NRL  light-gas  guns. 

In  addition,  by  examining  the  effect*  of  variations  in  the  gun  parameters, 
it  may  be  possible  to  improve  light-gas-gun  design. 
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ELECTROBALLIST1C  STUDIES 


One  important  phase  of  the  hypervelocity  gun  development  program 
at  NRL  is  the  study  of  methods  for  electrically  heating  the  gas  used  to 
accelerate  projectiles.  It  is  generally  agreed  that  the  overall  firing 
efficiency  and  peak  performance  of  gas  guns  are  strongly  affected  by 
the  maximum  temperature  reached  by  the  driver  gas.  Recent  increases 
in  peak  gun  performance  have  been  achieved  Ly  increases  in  maximum 
driver  gas  temperature. 

The  use  of  electrical  energy  for  increasing  gas  temperature  has 
several  very  attractive  features:  (1)  there  is  no  fundamental  limit  to  the 
amount  of  electrical  energy  that  can  be  added  to  a  gas  reservoir,  and 
therefore  very  high  gas  temperatures  can  be  readily  attained;  (2)  elec¬ 
trical  heating  of  a  gas  reservoir  enables  peak  temperatures  to  be  directly 
controlled  and  varied  over  a  wide  range  for  studying  the  effects  of  gas- 
temperature  increases  on  gun  performance;  (3)  the  rate  of  gas  heating 
and  the  time  of  energy  insertion  are  conlrollable  (12). 

Thus  far,  electrical  pulses  have  been  used  to  energize  three  types 
of  ballistic  accelerators.  Constant-volume  guns  have  been  constructed 
such  that  electrical  pulses  are  used  to  n  re  heat  small  reservoirs  of  light- 
gas  to  temperatures  and  pressures  needed  for  ballistic  launches.  Elec¬ 
trical  jnuka  have  been  installed  in  standard  light-gas  guns  and  used  to 
preheat  the  driver  gas  in  order  to  reach  very  high  operating  temperatures. 
Thin  plates  have  also  been  launched  by  exposing  them  to  the  high  tempera¬ 
ture  and  pressure  plasma  generated  during  the  electrical  explosion  of  thin 
metallic  foils. 


Constant- Volume -Gun  Development 


Because  of  its  basic  simplicity,  the  constant- volume  electric  gun  was 
chosen  for  initial  development.  The  basic  form  consists  of  a  high  strength 
gas  chamber  separated  from  a  launch  tube  by  a  diaphragm  and  a  projectile. 
After  initially  charging  the  chamber  with  a  low-molecular- weight  gas.  i.e., 
Ha  or  He,  the  energy  stored  in  a  capacitor  bank  is  discharged  into  the 
chamber  through  a  high-intensity  electrical  arc.  The  resultant  heating  of 
the  chamber  gas  increases  the  chamber  pressure  which  causes  the  diaphrag 
to  rupture  and  the  projectile  to  be  accelerated  down  the  launch  tube. 

A  variety  of  gun  designs  has  been  tested  with  chamber  volumes  vary¬ 
ing  between  10  cm*  and  30  cm3  at  electrical  energy  levels  aB  high  as  10s 
joules.  Initial  gas  loading  pressure  has  been  held  at  100  atmospheres. 
Projectiles  weighing  between  0.1  and  0,5  gm  have  been  fired  in  .22*  and 
,30*  launch  tubes  at  peak  velocities  of  5,4  km  /sec. 
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The  most  successful  design  for  a  constant- volume  gun  is  shown  in 
Figure  28,  It  consists  of  a  massive  steel  breech  block  enclosing  the 
chamber  with  an  insulated  hot  electrode  at  one  end  and  a  threaded  launch 
tube  at  the  other,  A  fixture  mounted  in  the  chamber  sidewall  is  used  to 
admit  the  light-gas  charge  through  a  check  valve.  The  front  of  the 
chamber  consists  of  a  grounded  ring  electrode  and  a  transition  section 
between  the  chamber  and  launch  tube. 


Electrical  energy  is  transmitted  from  a  parallel-plate  transmission 
line  to  the  shaft  of  the  hot  electrode,  by  which  it  is  conducted  into  the 
chamber.  A  length  of  a  O.OZ-inch-wide,  0.0 02-inch- thick  aluminum  foil 
is  stretched  between  the  hot  and  ground  electrodes.  During  the  initial 
phase  of  the  discharge,  the  foil  explodes,  thereby  generating  an  ion  path 
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for  the  main  energy  surge.  The'  large  gas  pressure  increase  caused  by 
the  energy  transfer  from  the  electrical  arc  to  the  chamber  gtis  causes 
the  hot  electrode  to  move  back  into  its  insulating  sheath,  thereby  gen¬ 
erating  a  gas  seal.  The  seal  is  strengthened  as  the  gas  pressure  increases 
in  accordance  with  the  Bridgman  principle.  The  increased  gas  pressure 
also  causes  the  forward  diaphragm  to  rupture,  allowing  the  driver  gas  to 
flow  through  the  transition  section  into  the  launch  tube,  where  it  accelerates 
the  projectile. 

The  extreme  gas-dynamic  conditions  within  the  transition  section,  i.e., 
high  gas  density,  temperature,  turbulence,  and  velocity,  have  caused  very 
severe  erosion  of  all  transition  section  materials  tested.  Erosion  at  the 
transition  section  is  especially  critical  to  gun  performance  because  the 
resulting  gas  mixes  with  the  driver  gas  and  increases  its  mean  molecular 
weight.  Such  an  increase  substantially  reduces  the  effectiveness  of  the 
driver  gas  as  a  hypervclocity  projectile  accelerant.  All  metals  tested, 
including  high  strength  steel,  various  tungsten-copper  alloys,  and  molyb¬ 
denum,  have  proven  unsuccessful  for  this  application.  Teflon  lias  shown 
marginal  erosion  properties,  but  it  lacks  sufficient  mechanical  strength 
to  withstand  the  pressure  impulse.  Several  other  materials  including 
hard  fluoroplaslic s  and  machinable  ceramic  materials  failed  under  the 
severe  mechanical  forces  developed  during  a  firing.  A  satisfactory 
transition  section  material  must  be  composed  of  fairly  low  atomic  weight 
constituents  mwl  have  a  high  initial  phase-change  point,  low  thermal  luh- 
duclivily,  and  high  impact  strength. 

Two  conclusions  have  been  drawn  from  the  conslnnl -volume- gun 
study,  L'irsl,  it  i:>  possible  lo  transfer  stored  electrical  energy  from  a 
capacitor  bank  to  a  low-molecular-weight  gas  in  a  small  chamber  with 
reasonably  high  efficiency  and  successfully  contain  the  gas  until  it  has 
accelerated  a  projectile,  becoml,  all  present  light-gas  guns  totally 
powered  by  elect*  ical  energy  are  limited  in  performance  by  driver-gas 
contamination  caused  by  the  erosion  of  their  electrodes  and  transition 
elements.  Unless  a  significant  breakthrough  in  the  gas -contamination 
problem  area  is  achieved,  it  is  doubtful  that  peak  projectile  velocities 
above  u,5  km/sec  lo  7  km/sec  can  be  achieved  using  such  devices.  Kor 
these  reasons,  the  constant-volume-gun  program  has  been  suspended 
and  emphasis  has  been  placed  upon  other  electroballistic  techniques. 


Elect rocompression  Gun  Development 


The  extreme  gas  dynamic  conditions  that  led  to  the  serious  erosion 
problems  associated  with  the  constant-volume-gun  firings  were  brought 
about  by  the  need  for  very  high  electrical-energy  input  densities.  Large 
energy  densities  are  required  because  the  peak  gas  pressures  needed 
for  hypervelocity  ballistic  acceleration  can  be  achieved  only  through  large 
temperature  increases  of  the  fixed-density  driver  gas.  The  requirement 
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lor  high  electrical -energy  densities  can  be  largely  eliminated,  ancl  with 
it  much  of  the  contamination  problem,  if  the  electrical  energy  were  added 
to  a  low  density  gas  reservoir  which  is  then  compressed  until  ballislically 
usable  pressures  and  temperatures  arc  achieved.  These  conditions  can 
be  realized  in  a  standard  light- gas  gun  in  which  the  electrical  energy  is 
added  to  the  driver  gas  by  an  arc  initiated  in  the  pump  tube  early  in  the 
compression  cycle.  In  this  way,  the  electrical  energy  can  be  added  to  a 
large  volume  of  gas  at  relatively  low  pressures  without  generating  extreme 
temperature s .  As  compression  continues,  the  gas  temperature  increases 
at  a  slower  rate  than  the  pressure  until  maximum  pressures  are  reached 
when  the  driver  gas  is  near  liquid  density.  The  final  gas  lempcraluro- 
to-pressure  ratio  can  be  readily  controlled  over  a  very  wide  range,  and 
higher  values  of  this  ratio  can  be  reached  than  arc  possible  using  gas 
compression  alone  by  judicious  choices  of  initial  gas  density  and  energy 
input  level.  Both  basic  gun  analysis  and  detailed  studies  with  the  NAREC 
ballistic  computer  program  have  demonstrated  that  very  high  ratios  of 
driver  gas  temperature  to  pressure  are  required  for  increasing  the 
velocity  capabilities  of  gas  guns  beyond  presently  attainable  values.  A 
related  advantage  is  that  high  temperature -to-pres s ure  ratios  signifi¬ 
cantly  reduce  the  peak  acceleration  level  experienced  by  a  model  as  it  is 
launched  to  a  particular  velocity. 

The  above  concepts  were  used  in  the  design  of  an  electrically  «iug~ 
infilled  1.63”,  ,22"  gaft  giui  of  the  C  Apojidab.lv:  ocuLial  Li  tidi  type  ,  Aji 
electrical  energy  insertion  section  (Figure  29)  may  be  inserted  either  at 
l he  center  of  the  compression  tube  or  at  the  junction  between  the  com¬ 
pression  tube  and  the  central  breech.  The  section  is  a  heavy-walled 
extension  of  the  compression  tube  with  an  electrical  probe  installed  flush 
with  the  bore.  The  probe  is  held  in  place  with  a  nut,  and  an  overall  gas 
seal  is  generated  by  drawing  the  probe  tightly  against  its  electrical 
insulator  with  a  second  nut  that  engages  threads  at  the  upper  end  of  the 
probe  {not  shown  in  Figure  29).  A  capacitor  bank  is  connected  between 
the  insulated  probe  and  the  body  of  the  insertion  section  and  is  discharged 
through  an  exploding  wire  that  electrically  connects  the  probe  face  to  the 
inner  wall  of  the  insertion  section. 

The  insertion  of  the  bank  energy  into  the  exploding  wire  a  rc  cs  Jes 
intense  localized  heating  of  the  metallic  vapor,  and  some  mechanic. n  must 
be  provided  for  efficiently  transferring  this  energy  to  the  remainder  of 
the  ligh»-gas  reservoir.  An  operating  hypotheses  concerning  this  process 
has  been  established  after  reviewing  the  possible  phenomena  responsible 
for  transmitting  the  energy.  The  release  of  a  pulse  of  electrical  energy 
within  the  compression  tube  creates  a  strong  shock  disturbance  which 
propagates  in  both  directions  along  the  barrel.  Initially,  the  wave  is 
cylindrical  and  hence  the  maximum  pressure  associated  with  it  decreases 
linearly  with  distance  as  it  moves  away  from  the  arc  channel.  The  wave 
rapidly  becomes  planar,  however,  as  it  propagates  down  the  cylindrical 
pump  tube  because  of  the  constriction  of  the  walls  and  undergoes  no  more 
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ENERGY  DELIVERY 


Figure  29  -  Electrical  energy  insertion  section  for  a  1.63", 
*22  "  light- gas  gun 


reduction  in  intensify  clue  to  geometric  factors.  For  this  reason,  the  shock 
waves  can  propagate  up  and  down  the  compression  tube  several  times 
while  their  energy  is  slowly  absorbed  by  the  driver  gas,  which  is  thereby 
heated.  Shock  wave  heating  is  advantageous  for  the  electrocompression 
experiment  because  it  generates  a  relatively  uniform  temperature  rise  of 
the  driver  gas.  Experimental  evidence  to  substantiate  the  shock  heating 
hypotheses  is  to  be  presented  in  a  later  section.  The  operation  of  the 
gas- gun  proceeds  in  a  normal  manner  after  the  insertion  of  the  electrical 
energy  and  may  be  examined  directly  with  the  NAREC  computer  program. 
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Analysis 

An  analysis  of  the  energy  insertion  mechanism  must  be  made  in  order 
lo  determine  the  operating  criteria  of  an  energy  storage  and  delivery  cir¬ 
cuit  that  would  be  effective  for  preheating  the  gas  reservoir  of  the  1,63", 
,22"  gas  gun.  The  first  step  is  Lo  determine  the  amount  of  energy  that 
must  be  added  to  the  gas  reservoir  to  effect  a  particular  temperature 
increase,  The  computations  were  carried  out  using  ideal  monatomic  and 
diatomic  gas  assumptions  which  were  justified  by  the  relatively  low  gas 
densities  existing  in  a  gas  gun  prior  to  compression.  The  derived  expres¬ 
sions  arc  as  follows: 


fo  r 
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where  A (J  is  the  increase  in  the  gas  temperature,  E  is  the  energy  input  to 
(he  gas,  n  is  the  number  of  moles  of  gas,  R  is  Hie  universal  gas  constant 
a n«l  >  is  the  ratio  of  the  specific  heat  of  the  gas  at  constant  pressure  to 
I  lyii  'i  |  'pa  voImpv* 

A  plot  of  A'' vs  E  for  the  range  of  values  of  n  likely  to  be  encountered 
during  gas  gun  firings  is  presented  in  Figure  30.  The  temperature  increase 
experienced  by  other  quantities  of  gas  lying  within  the  range  of  the  values 
presented  can  be  interpolated  in  a  straightforward  manner. 

The  next  problem  to  be  considered  is  the  rate  of  heat  loss  suffered 
lay  the  gas  after  electrical  healing  and  compression.  The  following 
assumptions  were  made  in  computing  the  gas  cooling  effects:  (13) 

1.  The  gas  is  a  perfect  diatomic  gas, 

2.  All  heat-loss  fror  the  gas  to  the  barrel  wall  is  radiative, 

3.  The  barrel  wall  is  n  blackbody. 

4.  The  temperature  change  of  the  barrel  wall  is  small  with  respect 
to  the  temperature  change  of  the  gas, 

5.  The  gas  heating  time  is  short  with  respect  to  gas  cooling  times. 

6.  The  energy  reradiated  from  the  walls  to  the  gas  is  negligible. 
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y  *  1.4  (H2) 
y  =  I  66 (He ) 


ENERGY  IN  JOULES 

Figure1  30  -  Temperature;  increase  of  various  amounts  of  ideal 
gas  vs  input  energy 


Experience  with  the  NARKC  ballistic  computer  program  indicates 
that  these  assumptions  arc  good  fpr  temperatures  up  to  300 0°K,  These 
assumptions  will  be  better  as  the  gas  temperature  is  increased  because 
of  the  4  term  in  the  expression  for  blackbody  radiation* 

The  computations  were  carried  out  in  a  standard  manner  and  an 
equation  relating  gas  cooling  time  to  temperature  reduction  was  derived: 
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whdiT  t  is  Hit'  linn*  elapsed  after  gas  heating,  t‘v  i?  i-it'  specific  heat  of  tin* 
gas  at  con  slant  volume,  o  is  Che  Stefan- Boltzmann  constant,  A  is  the  area 
of  the  gas  radiation  surface,  ?-0  is  the  initial  gas  temperature,  7  is  f:  .-o, 
and  r  is  the  gas  temperature  at  time  t  . 


t 


*k 


t  -7*1 
Z3 


(8) 


fU1  re,  is  the  lime  required  for  the  gas  to  cool  to  the  characteristic 
fraction  ol  its  original  temperature,  i.e,,  the  time  required  to  cool  to 
7b, 4  '..  of  lift  initial  lemperature. 

A  graph  of  Equation  (8)  is  presented  in  Figure  31,  The  time  taken 
for  the  gas  to  reach  1  / its  initial  temperature,  i.e,  (z  =  0.5)  can  readily 
be  seen  to  bo  7tK.  The  half-temperature  times  for  a  number  of  initial  gas 
conditions  ha\  e  been  computed,  and  the  results  indicate  that  these  times 
;<  gr*  ’it*  :*  lh. m  d.l  ;-;rr  lor  gas  dcnsili'  s  normally  ur.ril  in  gas-gun  firing:, 
v.  it  h  initial  temperatures  less  lhan  10  limes  room  temperature*  Thus  a 
very  wide  latitude  ol  bank-triggering  techniques  can  be  utilised  without 
-.eriuus  loss  in  over. ill  effieieney  Kim.  r  precise  syneh  ronii'.a  t  i  on  between 
the  h.mk-di  Selin  rgc  and  j  ii  slon-mol  ion  parameters  is  not  n<*(  ded  to  pre- 
\  «  nt  at  riou:;  gas  hi  at- Joss. 

The  next  quantity  to  evaluate  is  the  elfieieney  of  energy  transfe  r 
between  the  capacitor  bank  anil  tin*  gas.  In  order  to  analytically  study 
Ihe  energy  transfer  phenomena  bi'lween  the  capacitor  bank  and  the  gas- 
healing  arc,  the  high  current  discharge  circuit  must  be  treated  as  an 
RLC  circuit.  The  differential  equation  for  the  current  in  an  RLC  circuit, 
has  been  set  up  and  solved  using  an  analog  computer  (1*1).  The  initial 
conditions  were  a  charged  capacitor  that  is  switched  into  Ihe  remainder 
of  the  circuit  at  time  =  0,  A  family  of  curves  vas  constructed  that 
represent  the  current  variation  vs  time  for  48  different  values  of 
resistance  ranging  from  0  to  ten  Limes  the  critical  damping  resistance,* 
Curves  of  power  input  t.o  the  resistance  vs  time  were  then  generated  for 
each  of  the  4  8  rases  by  forming  l*R  and  plotting  the  results  vs  time. 
Finally  curves  of  energy  input  to  the  total  circuit  resistance  vs  time  were 
generated  by  electronically  integrating  the  power  vs  time  curves. 


*The  critical  damping  resistance  of  an  RLC  circuit  is  the  resistance 
required  to  just  prevent  oscillations.  It  was  chosen  for  normalizing  the 
resistance  values  since  it  may  be  readily  computed,  rc  =  2/L/C. 
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Figure*  31  -  Radiative  cooling  curve*  for 
a  reservoir  of  ideal  gas 


Partial  results  of  all  the  energy  input  curves  are*  presented  in 
Figure  32,  The  ordinate  is  time  presented  in  units  of  i  LC  =  tc  and  the 
abscissa  is  the  total  circuit  resistance  presented  in  units  of  the  critical 
damping  resistance  2\  I.  C  :  Kc,  The  lines  represent  the  fraction  of 
energy  initially  stored  in  the  capacitor  that  has  been  expended  in  the 
resistance.  For  example  consider  the  time  required  for  90%  of  the 
energy  Btored  in  a  capacitor  to  be  expended  in  the  resistive  elements  of 
an  RLC  circuit  if  the  circuit  is  critically  damped.  Move  along  the  0.9E 
line  from  left  to  right  until  the  abscissa  R  Rc  =  1  is  reached.  The  ordinate 
of  this  point  shows  the  time  to  be  2*7v/LC.  This  time  can  be  evaluated  if 
both  L  and  C  are  known. 
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Pi  nun*  3<i  -  Time  required  for  an  RLC  circuit  to  dissipate 
selected  fractions  of  loin!  stored  energy  vs  RRn 


This  analysis  may  be  used  to  evaluate  the  energy  input  to  the  arc 
within  a  gas  gun  if  R,  L»  and  c  of  the  discharge  circuit  can  be  evaluated 
and  the  ratio  of  total  circuit  resistance  to  arc  resistance  is  known.  In 
addition,  it  must  be  assumed  that  R,  L  ,  and  C  remain  constant  throughout 
the  discharge.  The  parameters  of  the  discharge  circuit  arc  determined 
for  rarh  el  eel  roballi stic  shot  by  recording  oscillograms  of  current  vs 
time  during  each  electroballislic  firing  (inductive  pickup  techniques  have 
been  used  at  NRL).  Circuit  inductance  is  determined  by  the  frequency  of 
the  discharge,  and  total  circuit  resistance  is  computed  from  the  damping 
rate  of  the  oscillations.  These  parameters  are  sufficient  to  determine 
the  energy  delivery  rale  to  the  total  resistance  in  the  discharge  circuit. 
The  energy  is  divided  between  the  various  resistance  elements  as 
E  =  EtotR/Rtot  where  R  is  the  resistance  of  an  element  and  Rtotis  the  total 
circuit  resistance*  The  ratio  of  the  arc  resistance  to  the  total  resistance 
is  evaluated  by  discharging  the  circuit  several  times  and  measuring  the 
change  in  total  resistance  caused  by  insertion  and  removal  of  the  arc  from 
the  discharge  circuit* 
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Results  of  these  studies  show  that  considerably  more  than  50%  of  the 
stored  energy  in  a  capacitor  bank  may  be  delivered  to  the  gas-heating  arc 
when  exterior  switching  is  used  and  that  70%  to  80%  efficiency  can  be 
achieved  using  internal  switching.  It  was  also  found  that  arc  resistance 
often  varies  over  a  factor  of  two  during  a  discharge;  therefore  the  above 
analysis  can  yield  only  approximate  results* 

A  modification  of  the  above  analytical  technique  has  made  it  possible 
to  determine  the  energy  input  rates  to  the  gas-heating  arc  and  to  establish 
the  variation  of  arc  resistance  with  time.  Basically,  the  oscillogram  of 
the  discharge  current  vs  time  is  used  to  determine  the  local  damping 
rate  of  successive  pairs  of  positive  and  negative  current  peaks.  These 
damping  values  are  then  used  to  determine  average  values  of  the  total 
circuit  resistance  for  each  succeeding  half  cycle  of  the  oscillation. 

Plots  of  these  values  vs  median  time  yield  smooth  curves  that  arc  taken 
as  representations  ^f  total  circuit  resistance  vs  time.  Similar  curves 
generated  with  no  arc  in  the  circuit  arc  used  to  determine  arc  resistance 
vs  time  by  subtracting  them  from  the  curves  obtained  with  the  arc  in  the 
circuit.  Incremental  power  and  energy  input  curves  arc  then  generated 
as  before.  Figure  33  is  a  summary  of  such  an  analysis  performed  for 
an  elect roballistic  firing.  Note  that  slightly  over  50%  of  the  energy  was 
inserted  into  the  arc  (load)  in  186  //sec,  i.o.,  3  l.r. 

Tilt'  problem  of  predicting  the  efficiency  of  energy  transfei  by  shuck 
waves  between  the  gas-healing  arc  and  the  driver  gas  has  not  yet  been 
solved;  therefore,  an  experimental  program  is  being  set  up  lo  determine 
this  value  by  measuring  gas  pressure  within  the  compression  tube  bi'fnr/* 
and  after  energy  insertion.  If  the  volume  remains  constant  (the  pislon  is 
not  launched)  and  perfect  gas  assumptions  are  applied,  the  following  expres¬ 
sion  for  energy  input  to  the  gas  may  be  derived; 
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where  E  is  the  energy  input,  Vis  the  chamber  volume,  and  Ar  is  the  pres¬ 
sure  change.  Studies  of  electrically  powered  constant- volume  guns  and 
initial  electrocompression  results  indicate  that  these  efficiencies  should 
exceed  50%  for  most  cases  of  interest. 

The  above  analysis  was  used  to  choose  tentative  initial  operating 
parameters  for  the  1.63”,  .22*  augmented  gun.  The  compression  tube  of 
the  gun  has  a  volume  of  approximately  three  liters  and  NAREC  computer 
results  indicated  that  initial  gas  loading  pressures  between  4  and  8 
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Figure  33  -  Operation  of  an  RLG 
circuit  with  variable  resistance 


atmospheres  would  be  needed  lor  high  performance  launches.  Such  loads 
would  require  between  0.5  and  1.25  moles  of  gas.  It  was  estimated  that 
the  minimum  advantageous  temperature  increases  would  be  300°K  (twice 
room  temperature)  which*  would  require  approximately  8  kilojoules  of 
energy  to  be  added  to  hydrogen  or  4,3  kilojoules  to  helium.  The  analysis 
presented  above  indicates  that  overall  efficiencies  of  25%  plight  be 
expected  when  exterior  switching  is  used,  and  35%  to  40%  efficiencies 
might  be  obtained  by  using  internal  switching.  Thus,  a  20-kilojoule 
capacitor  bank  should  produce  marginal  results.  Since  such  a  bank  was 
available,  initial  experiments  were  carried  out  at  this  energy  level. 
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Experimental  Results 


A  series  of  firings  was  made  with  the  1.63",  .22  *  light-gas  gun  to 
determine  its  maximum  performance  capability  without  electrical  energy 
addition.  The  maximum  velocity  achieved  was  9.55  krn/sec  with  an  0.1- 
grani  Lexan  cylinder.  The  firing  conditions  were: 


Round  88  1.63",  .22" -cal  Gas  Gun 

Date  8/10/62 


Firing  Parameters 
Powder  -  IMR  8436,  285  gm 

Piston  -  Steel  with  Forward  Nylon 
Seal -960  gm 


Driver  Gas  -  Hydrogen*  100  psia 

Projectile  Release  -  Quick  opening 
valve  release,  65000  psia 

Projectile  -  Lexan  cylinder 
0,2 17"  diam  x  0.1 36*  long 
M  -  0,100  gin 


Gun  Parameters 

Compression  Tube  -  10'  (effective 
length)  x  1,625"  diam 

Transition  Section  -  6" -diam 
expendable  unit  with  30°  conical 
transition  section  between  the  com¬ 
pression  and  launch  tubes 

Launch  Tube  -  0,217"  ID  *41"  long 
(189  calibers) 


Velocilv  -  9.15  kit* /sec. 


The  electrical  augmentation  unit  was  then  installed  and  the  20-kilojoule, 
20 -kv  capacitor  bank  was  connected  to  it  using  n  minimum  inductance  con¬ 
figuration,  Test  discharges  showed  that  90%  of  the  electrical  energy  eouLd 
be  dissipated  in  7  /* sec  when  a  piston  triggering  mode  was  used.  The  gas 
gun  was  then  fired  using  firing  parameters  equal  to  those  used  when  9.55 
km /sec  was  achieved.  Thu  resulting  projectile  velocity  was  4,1  km/sec. 

The  compression  piston  bounced  and  was  retrieved  from  the  compression 
tube  4  feel  from  the  transition  section.  Optimized  shots  where  electrical 
energy  was  not  added  resulted  in  the  piston  being  lodged  in  the  transition 
section.  A  comparison  of  these  results  showed  that  a  large  amount  of 
energy  had  been  added  to  the  gas  during  the  augmented  shot  since  it  had 
changed  the  gas  pressure  profile  enough  to  strongly  affect  piston  motion. 

Both  theory  and  experimental  results  show  that  the  performance  of  a 
light-gag  gun  is  reduced  when  the  driver-gas  pressure  is  increased  to  the 
point  where  piston  bounce  occurs.  Therefore  a  series  of  electrically  aug¬ 
mented  shots  was  fired  with  the  initial  gas  pressure  systematically  reduced 
until  piston  bounce  was  eliminated.  Projectile  velocity  increased  steadily 
during  these  firings  but  reached  a  maximum  value  of  only  6.1  km/ sec. 
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Several  of  the  shots  fired  during  this  sequence  had  to  bo  repeated  because 
of  shattering  of  the  projectile .  -Ii  is  felt  that  the  shattering  was  caused  by 
shock  waves  in  the  driver  gas. 

At  this  point,  a  hypothesis  was  proposed  that  the  shock  waves  generated 
by  the  arc  propagated  back  and  forth  along  the  pump  tube  and  were  succes¬ 
sively  reflected  at  the  ends  during  gas  compression.  Reflections  from  the 
face  of  the  oncoming  piston  increased  the  wave  amplitude  as  compression 
continued  until  it  reached  a  value  capable  of  fracturing  the  projectile  - 
release  mechanism  when  the  average  gas  pressure  was  considerably 
below  that  required  for  maximum  gun  performance. 

An  experimental  study  was  set  up  to  test  the  above  hypothesis.  A 
closed  bomb  was  constructed  for  studying  wire  explosions  under  conditions 
closely  simulating  those  in  the  gun.  The  closed  bomb  used  for  the  explod¬ 
ing  wire  study  is  a  slight  modification  of  the  central  portion  of  the  gas  gun. 
An  expendable  connector  and  the  electrical  insertion  section  have  o-  u 
coupled  and  the  two  ends  of  tlic  section  are  sealed  with  plugs  to  ma:-  ■  a 
gas-tight  chamber.  It  was  planned  to  charge  the  bomb  with  light  ga?  (Ii2 
or  He)  until  the  density  is  the  same  as  that  in  an  operational  gun  at  a  point 
in  the  firing  sequence  when  the  electrical  discharge  occurs  (i.e.,  when  the 
piston  is  about  to  enter  the  energy  insertion  section).  Thus,  all  the  operat¬ 
ing  conditions  oJ  the  gun  except  the  piston  velocity  could  be  reproduced  in 
a  closed  hnmb  system.  Several  attempts  were  made  to  discharge  the 
bank  into  the  bomb.  In  all  cases  the  electrical  arc  was  quenched  before 
the  energy  stored  in  the  bank  could  be  delivered.  It  was  then  decided  to 
reproduce  these*  shots  in  the  gun  since  there  was  obviously  some  difference 
between  the  bomb  and  the  gun  experiments.  The  augmented  gun  was 
assembled,  as  if  to  fire,  and  charged  with  driver  gas  to  the  same,  pres¬ 
sure  as  was  used  in  the  bomb  (this  was  considerably  more  pressure  than 
is  usable  for  firing),  A  series  of  five  discharges  were  fired  without  evi¬ 
dence  of  arc-quenching.  It  appears  that  the  plug  covering  the  e  nd  of  the 
bomb  (located  3  inches  from  the  arc)  reflected  an  electrically  generated 
shock  wave  back  onto  the  arc,  thereby  quenching  it.  For  this  effect  to 
occur  a  shock-wave  velocity  greater  than  12  km/scc  (Mach  tf)  is  required. 
Such  a  shock  wave  is  extremely  powerful  and  potentially  capable  of 
generating  the  effects  attributed  to  it  by  the  original  hypothesis. 

The  second  phase  of  this  study  is  an  attempt  to  establish  that  pre¬ 
mature  release  of  projectiles  was  occurring  in  electrically  augmented 
firings.  An  experiment  was  conducted  to  measure  the  piston  position  at 
the  time  of  projectile  release*  The  average  pressure  within  the  gas  can 
be  computed  from  loading  parameters  and  the  piston  position;  therefore, 
the  piston  position  at  projectile  release  can  be  computed  by  using  the 
design  break-pressure  if  no  significant  shock  waves  are  present*  If  the 
piston  has  not  yet  reached  its  expected  position  when  the  valve  open9, 
the  existence  of  a  shock  disturbance  is  strongly  indicated.  This  pro¬ 
cedure  can  also  be  checked  out  by  firing  the  gun  without  electrical 
augmentation  and  comparing  the  results  with  an  augmented  shot. 


2i(, 
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A  number,  nf  t  i>i  T»»<  «»•;«»•  ronsidi-red  for  the  measurement  of  both 

piston  position  and  the  time  of  projectile  release.  Piston  position  is  now 
being  measured  by  placing  a  scries  of  probes  in  the  barrel  that  are  suc¬ 
cessively  short  circuited  by  the  oncoming  piston.  Small  capacitors 
{0,01  pf)  at  each  probe  are  charged  to  6  volts  and  arc  discharged  across 
50-ohm  resistors  as  the  piston  passes  to  produce  sharp  pulses.  These 
pulses  are  presented  on  oscilloscopes  and  photographed  to  produce  a 
lasting  record  of  the  piston  velocity  and  decelerafir >* ,  The  NAREC 
ballistic  computer  program  was  used  to  predict  the  na  g  pressure  as  a 
function  of  time  for  pressures  up  to  the*  maximum  a  lues  required  for 
projectile  relca?  e. 

Probe  techniques  for  determining  the  time  of  pji»j*_*.u;r  «ilec  are 
not  feasible  because  peak  pressures  in  the  region  of  the  projocUu  - 
release  mechanism  are  too  large  to  be  sealed  by  electrically  insulating 
materials.  For  this  reason  an  all  optical  method  has  been  developed  for 
determining  projecTile-release  times.  Since  the  Lex  an  project'--  A* 
optically  clear,  the  driver-gas  chamber  can  be  viewed  by  an  optical 
instrument  mounted  in  front  of  the  gun  and  aligned  with  the  launch  Lube 
axis.  The  launch  lube  opening  into  the  relatively  large  diameter  high 
pressure  section  approximately  satisfies  Lho  conditions  required  lor  a 
black  body  radiation  source  whose  radiative  power  is  easily  computed, 

Willi  the  assumption  that  the  gas  temperature  at  projectile  release  is 
1  500 “K  (a  minimal  value)  flu*  power  output  nf  *i  e  chamber  in  the  viaiLL 
region  as  seen  from  tht*  launch  lube  is  approximately  .01  watt.  (The* 
optical  power  of  the  chamber  will  increase  sharply  as  the  gas  tempera¬ 
ture  exceeds  1500’K.)  Such  light  sources  can  be  radially  detected  at 
distances  of  up  to  several  hundred  feel  by  photomultiplier  tubes.  Since 
the  light  output  of  the  gun  is  beamed  along  the  trajectory,  photomultiplier 
equipment  used  to  detect  projectile  release  must  be  protected  from  the 
projectile.  This  has  been  accomplished  by  using  an  optically  clear  target 
(Plexiglas)  and  mounting  the  photomultiplier  unit  behind  i».  and  outside 
the  vacuum  lank.  A  window  assembly  in  the  rear  of  the  tank  allows  the 
detector  to  view  the  muzzle  of  the  gas  gun. 

Several  gun  firings  have  been  made  to  date  with  both  the  piston- 
position  and  projectile- release  instrumentation  functioning  properly. 

The  results  indicate  that  when  electrical  energy  is  added  to  the  system, 
the  projectile  release  mechanism  is  activated  before  the  gas  has  reached 
its  desired  projectile  release  pressure. 

Since  the  experiments  discussed  above  have  provided  at  least  a  strong 
indication  that  the  shock-wave  hypothesis  is  correct,  a  series  of  experi¬ 
ments  was  devised  for  counteracting  shock  waves  in  the  driver  gas.  The 
simplest  of  these  consisted  of  firing  the  gas  gun  with  electrical  augmenta¬ 
tion,  the  arc  being  initiated  by  the  pulse  used  to  ignite  the  powder  charge, 
A  25  millisecond  delay  is  thus  generated  between  arc -initiation  and  the 
passage  of  the  piston  over  the  energy  insertion  probe.  It  was  reasoned 
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that  arc -gene  rated  shock  waves  would  be  di.Hsipa.U-d  in  the  driver  g.is 
before  1  he  piston  was  accelerated  to  a  sufficient  velociLy  to  maintain  nr 
amplify  them,  (las  radiation  computations  discussed  previously  show 
that  cooling  losses  do  not  become  serious  until  at  least  0.1  second  has 
pa  used . 

Several  augmented  firings  have  been  made  using  exterior  arc- 
triggering,  and  the  total  efficiency  of  electrical-energy  transfer  has  not 
suffered  appreciably.  Poor  gun  performance  and  projectile  shattering 
have  indicated,  however,  that  the  shock  waves  still  exist  after  tins 
relatively  long  delay. 

Another  method  for  eliminating  augmentation  of  this  shock  wave  at 
the  piston  face  is  to  reduce  the  peak  pressure  associated  wilh  the  wave 
to  the  [joint  where  attenuation  factors  become  dominant  and  the  shock 
waves  are  damped  out.  The  duration  of  tin-  shock  waves  must,  be  increase 
to  maintain  the  total  energy  content  of  the  waves,  if  such  a  mode  of  opera 
lion  is  attempted.  Roth  of  these  effects  can  be  realized  by  increasing  the 
duration  of  the  gas  heating  arc  by  increasing  the  inductance  associated 
with  the  electrical  discharge  circuit  as  is  shown  below.  The  electiicn! 
parameters  of  the*  discharge  circuit  used  for  initial  elect rocompression 
pe  !*•  •  *  e-nt  s  vhi-r*-  'drmnt  indue*  •nee  w*s  held  In  the  minimum  feasible 
v«ilue  were  as  follows; 


I  ><mk  (~Iap.it  ii  ant  r 
Bank  Voltage 
Total  Inducts  nee 
Period  of  Oscillation 
Circuit  Resistance 
Critical  Damping  Res, 

K  Rr  -  N 

Maxi i nun i  Cn  r  rent 

Maximum  Power  Input  to 
re  si  stance  el  ement  s 

Time  it)  dissijtfile  50''"*i  of 
bank  energy 

Time  to  reach  maximum 
power 

Characteristic  Time  ft e  r /be 


r  1 00  f 
V  20,000  v 
l.w  60  m/.-li 
p  I  5.*!  /.see 

K  i  i  nil  I  i  ohms 

Rc.  -  *19  milliohms 
n  .0CZ  ^ 

tm„x  -717  megamps 
PMrx  -  1.67  billion  waits 


T  .  =  5.2  ft  sec 
t  =  2.45  /^sec 


The  above  quantities  were  computed  from  oscillograms  of  the  dis¬ 
charge  current  vs  time  taken  during  an  actual  firing  as  discussed  above 
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Thi*  KLC  equation  w..s>  then  solved  for  live  conditions  di  sr  us  sed  on  'he 
previous  page  and  the  effect  of  inductance  increases  upon  the  circuit 
parameters  was  investigated.  The  parameters,  lMnx,  PMnX»  Ts0%,  and  lPMnx 
were  computed  and  are  presented  in  Figure  34  after  being  normalized 
with  respect  to  the  given  conditions.  Presentation  of  results  in  this  way 
allows  the  curves  to  be  used  for  many  other  are  discharge  situations 
once  a  set  of  standard  conditions  has  been  determined. 

The  above  re  suits  were  used  to  design  experiments  to  evaluate  the 
effects  of  various  shock  wave  configurations  on  driver -gas  heating  and 
projectile  release  mechanisms.  The  peak  pressure  of  an  electrically 
generated  shock  wave  is  controlled  by  the  maximum  power  delivered  to 
the  arc  channel  and  the  rate  of  power  rise  as  well  as  by  various  gas  and 
geometric  parameters.  Information  about  the  above  electrical  parameter 


Figure  34  -  Deviation  of  time,  current, 
and  power  of  an  RLC  circuit  vs  increase 
of  inductance 


NRL  ACCELERATOR  DEVELOPMENT 


is  contained  in  the  Tpy^  and  pMmx  curves.  The  length  of  the  shock  waves, 
as  we.ll  as  the  average  energy  density  within  them,  is  a  function  of  the 
time  required  to  discharge  half  the  energy  into  the  channel  (Ts0%)  ,  and 
the  electrical  resistance  of  the  arc  channel  is  dependent  upon  tM(jx  . 

An  analysis  technique  is  currently  under  development  that  will  .allow 
the  prediction  of  the  effects  Ts0%,  TPMnx,  and  rMnx  upon  shock-wave  param¬ 
eters,  In  order  to  test  this  technique,  and  to  determine  whether  increased 
inductance  will  remove  the  shock-wave  difficulties  a  series  of  experiments 
w  is  carried  out  concerning  the  effects  of  inductance  shifts  on  discharge 
circuit  performance  and  gun  operation,  A  300-m/uhenry  inductor  was 
added  to  the  circuit,  which  increases  total  circuit  inductance  by  a  factor 
of  six.  The  following  Table  V  shows  the  computed  new  parameters  and 
!'V'ir  i  dalionship  to  the  original  ones; 


Table  V 

Deviation  of  Selected  Parameters  of  an  RLC  Circuit 
Occur  ring  W  hen  in  u  u  c  t  a  n  cc  is  In  e  r  e  a  s  e  d  by  a 
Factor  of  0 


1 

|  Quantities- 

t- 

p-"  - 

Deviation  Factor  From 
■  Given  Conditions 

New 

1 

Value 

1 

- 

T 

i 

.  n  k  - 

1  0 a  ni  j >  1 

! 

,185 

.509  ' 

ll)**  watts 

i  1 5<K 

07.0 

10‘‘»  see 

!  1  I'M  it  * 

1  0  5 

9 .0  2  ■ 

lO"6  see 

i 


The  shift  of  all  parameters  from  original  conditions  is  grenier  than 
a  factor  of  two  but  less  than  a  factor  of  six  for  L  “  rd.0.  The  results  of 
this  study  have  indicated  that  increased  inductance  within  tin*  RLC  dis- 
^  barge  circuit  can  reduce  the  effects  ol  shock-wave  pressure  disturbances 
without  causing  large  reductions  in  gas  heating  efficiency. 

Augmented  firings  were  resumed  at  this  point,  but  the  1,6V',  ,22"  gas 
gun  had  to  be  fin'd  at  reduced  piston  energy  because  faults  had  been  dis¬ 
covered  in  the  supply  of  transition  sections  then  on  hand.  Maximum  pro¬ 
jectile  velocity  without  augmentation  was  found  to  be  6.1  km  /sec.  When 
20  kilojoules  of  energy  were  added  through  the  high  inductance  circuitry, 
peak  velocities  were  increased  to  6.5  km/sec.  It  was  decided  to  try  to 
exploit  this  small  positive  result  by  increasing  the  electrical  energy  input 
to  42.5  kilojoules.  Firings  at  this  level  resulted  in  maximum  velocities 
of  8,5  km/aec,  clearly  indicating  that  a  substantial  increase  of  gas  gun 
performance  had  been  achieved  by  electrically  heating  the  driver  gas. 
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Electrical  Energy 
Added  (joules) 

0 

20,000 

42,500 


0  „1  -gram- 
Projcctilc  Velocity 
(km /  sec ) 


Transition  sections  without  faults  have  become  available,  and  aug¬ 
mentation  experiments  have  recently  been  initiated  at  maximum  gun 
performance  levels.  Thus  far  0.15-gram  plastic  cylinders  have  been 
fired  at  8.85  km  /sec.  It  appears  that  the  amount  of  energy  added  to  the 
driver  gas  of  a  gas  gun  is  quite  critical  (note  the  reduced  energy  firing 
results)  and  therefore  more  energy  may  deliver  significantly  increased 
results.  Experiments  at  still  higher  energy  levels  (60  to  120  kilojoules) 
art'  planned  for  the  near  future.  In  addition  instrument  studies  will  be 
carried  on  to  complete  the  efficiency  evaluation  of  the  energy  insertion 
mechanism  and  to  study  the  effects  of  electrically  generated  shock  waves 
in  the  driver  gas. 


Electrical  Plato  Accelerator 

1  he  elect roballistic  group  at  NUL  has  initiated  a  project  to  extend 
a  technique  previously  developed  at  APS W C#';  for  launching  thin  plates  of 
fil.tM  i.-rt  and  low  density  nulals  to  hype  rveloc  i  ties  using,  tin*  plasma  from 
electrically  exploded  foils  (15).  The  plate  launcher  (Figure  35)  consists 
ol  a  sheet  of  thin  aluminum  foil  (.0002  5")  which  is  contained  in  a  plastic 
holder  that  supports  it  massively  on  one  side.  A  thin  plate  is  held  against 
the  free  surface  of  the  aluminum  fo»l  and  is  launched  by  the  violent  foil 
explosion  caused  by  an  electrical  pulse  from  a  low  inductance  capacitor 
bank.  The  resulting  plasma  expands  against  the  rear  of  the  plate  and 
accelerates  it  to  hyper  velocities.  The  motion  of  the  plate  is  inherently 
unstable  hut  the  total  trajectory  is  made  sufficiently  short:  (1  inch  or  less) 
to  prevent  instability  effects  from  becoming  important.  Initial  experi¬ 
ments  utilized  a  4700-joule  capacitor  bank  to  launch  1 "  *  2*  *  ,0075" 

Mylar  sheets  to  2,03  km/sec  (6670  ft/sec),  yielding  an  overall  efficiency 
of  22%,  Similar  experiments  performed  at  AFS W C  resulted  in  efficiencies 
of  up  to  50%,  It  was  determined  that  this  discrepancy  was  due  to  the  fact 
that  less  than  half  the  energy  stored  in  the  NRL  capacitor  bank  was 
expended  in  the  plate  explosion  before  the  sheet  left  the  gun,  while  vir¬ 
tually  all  the  energy  in  the  AFSWC  bank  was  expended  prior  to  plate  exit. 


*Pulse  Power  Laboratory,  Air  Force  Special  Weapons  Center r  Kirtland 
AFB,  N.  M. 
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Figure  15  -  Exploding  foil  launcher  used  lo 
eUt’clcrnU'  thin  plates 


The  effects  of  various  parameters  upon  plate  launching  velocities 
are  being  studied,  A  second  capacitor  bank  has  been  employed  that  t  an 
store  17,600  joules  at  it)  kv  for  conducting  experiments  at  higher  energy 
levels,  and  experiments  were  carried  out  using  1"  *  Z"  *  .0075"  and 
1/i"  *  1/2"  x  ,0075"  launched  sheets.  Earlier  experiments  hod 
demonstrated  that  considerable  difficulty  exists  in  measuring  sheet  velocity 
by  observing  the  sheet  motion  with  a  high-speed  framing  camera  since  the 
sheet  may  bo  obscured  by  the  rapidly  expanding  plasma  moving  around  its 
edges.  Two  alternative  velocity  measurement  techniques  have  been  utili/.eii 
to  insure  that  quoted  velocity  values  are  accurate.  A  series  of  figures  (x) 
were  typed  onto  Mylar  sheets  before  they  were  inserted  into  their  launching 
holders  and  were  viewed  during  launch  through  an  optically  clear  target 
(Plexiglas)  using  a  mirror  system  and  the  framing  camera.  The  figures 
were  clearly  visible  throughout  the  sheet  motion  but  abruptly  disappeared 
upon  impact  between  the  sheet  and  target,  A  second  mirror  system  used  the 
luminosity  of  the  expanding  plasma  from  the  foil  explosion  to  provide  back* 
lighting  of  the  Plexiglas  target,  which  was  also  viewed  edge  on  by  the  framing 
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La  ncra.  This  technique  allowed  the?  shork  wave-  generated  in  the  target  by 
the  impact  to  be  photographed  and  it  .s  motion  plotted*  The  time  of  sheet 
impact  was  determined  by  extrapolating  the  shock  wave  position  to  the 
front  surface  of  the  target.  Sheet  velocity  was  then  computed  from  the  gun- 
target  spacing  and  the  time -of -flight  measurements.  The  velocity  measure¬ 
ments  from  the  three  techniques  are  in  agreement  within  experimental  error, 
which  iidicales  that  the  sheet  remains  at,  or  very  near,  the  top  of  the 
plasma  curing  its  launch  and  flight  to  the  target. 


n"ho  I ,  ring  results  for  the  1"  *  2"  *  .0075"  and  1/2"  <  1/2"  *  .0075" 

Myf  shoe  s  are  presented  in  Figure  .16,  A  maximum  velocity  of  5,0  km/ 
sec  aeh  eved  with  1"  *  2"  x  .0075"  sheets  and  9.2  km/sec  with  1/2"  * 
j  /Z "  .v.^75  "heels,  Note  that  two  sets  of  data  arc  presented  for  each  set 

of  firing  jara.  :eters.  One  set  represents  the  results  of  tiring  with  gas 
vents  in  ihr  •  bier.  and  the  other  without  vents.  Vents  were  nlaci  *  in  the 
holders  near  I.  front  surface  to  allow  the  plasma  to  escape  which  aids  in 
taking  clear  pin  graphs  of  tin*  moving  sheet.  It  has  been  noticed  that  these 
vents  significant  l  'duce  accelerator  performance,  indicating  that  signifi¬ 
cant  sheet  areelei  'll  •?  occurs  after  the  sheet  leaves  the  holder.  The  total 
launch  efficiency  d  i  re.  sch  slowly  as  energy  density  is  increased,  which  is 
probably  all  ribululu  •  in  |>  rt  to  early  projectile?  exit  from  t li«‘  holder  as  is 
clini  ussed  above  .  In  uv  rn  ,  pi-uk  velm  i  1  i « *  *-  in  rxi  rn;<  nl  It)  kin/sri  slionld 
be  attainable  with  My  it  slice.  ..  Allemplu  are  being  made  to  accelerate 
f hick  •  r  pl.»i<v  sc.  uh  l;  in  t ,  I .  i . .( •  ••ami  low  Uensil  y  mrl  al  h  t  o  cii  r  rent  ly  al  t  a  i  n  - 
able  velocities  using  la  « •  <  *  i*  »  npai  *'«ir  hanks. 
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(a)  Velocity  of  0.0075  in.  x  0.5  in.  (b)  Velocity  of  0.0075  in.  x  1  in, 
x  0 .5  in.  extended  plates  as  a  func-  x  Z  in,  extended  plates  as  a  func¬ 
tion  of  input  energy  lion  of  inpul  energy 


(KILOJOULES)  ENERGY  (KILOJOULES) 

(c)  Acceleration  efficiency  of  (d)  Acceleration  efficiency  of 
0  ,007  5  in.  x  0 .5  in .  x  0  .5  in .  extended  0,0075  in.  x  1  in.  x  L  in.  extended 
plates  as  a  function  of  input  energy  plates  as  a  function  of  input  energy 


Figure  36  -  Velocity  and  efficiency  of  electrically 
launched  extended  plate  a 


NRL ACCELERATOR  DEVELOPMENT 


REFERENCES 

1.  Oakes,  D.,  Carter,  H.,  Shepherd,  B.,  and  Tiapiacesi,  R.,  “The  Design 
and  Testing  of  the  NOL  2  Inch,  2  Stage  Ciun,”  Naval  Ordnance  '-..aberatorv 
Report  TR  62-12,  29  June  1962 

2.  Bailey,  S.O.,  Clark,  A.B.J.,  Hall,  D.A.,  and  Swift,  H.F.,  “Facilities  and 
instrumentation  at  the  NRL  Hypervelocity  Laboratory,”  Proceedings  of 
the  Third  Symposium  on  Hypervelocity  Impact  Effects,  pp.  385-40  5, 
Chicago,  Illinois 

3.  Hall,  D.A.,  “Photographic  Methods  for  Hypervelocity  Measurements,” 
Journal  of  the  SMPTE  68:149 

4.  Porter,  C.D.,  Swift,  H.F.,  and  Fuller,  R.H.,  “Summary  of  NRL  Hyper- 
veiocily  Accelerator  Development,”  Proceedings  of  the  Fifth  Symposium 
on  Hypervelocity  Impact,”  Volume  1,  pp.  23-52,  Denver,  Colorado, 

Nov.  1961 

5.  Rast,  J.J.,  “The  Design  of  Flat-Scored  High  Pressure  Diaphragms  for 
Use  in  Shock  Tunnels  and  Gas  Guns,”  NAVORD  Report  6865,  6  September 
1962.  Published  January  1961 

6.  flay,  H.P.,  “Tin*  Evolution  of  Gauges  for  Measuring  Pressure  in  Guns 
and  Rockets  at  the  Ballistic  Research  Laboratories,”  RRL  Memorandum 
Report  1402,  May  1962 

7.  Swift,  H.F.,  and  Porter  C.D.,  "Hypervelocity  Capabilities  and  Impact 
Research,”  NRL  Memorandum  Report  J  1  35,  Semi-Annual  Progress 
Report  No.  1,  1  July  -  31  December  1961 

8.  Swift,  H.F.,  Poiler.  C.D.,  "Hypervclocity  Capabilities  and  Impact 
Research,”  NRL  Memorandum  Report  1249,  1  January  -  30  June  1961, 
Published  December  1961 

9.  Swift,  H.F.,  and  Porter,  C.D.,  "Hype rvelocity  Capabilities  and  Impact 
Research,”  NRL  Memorandum  Report  1274,  1  July  -  31  December  1961, 
published  February  1962 

10.  Unpublished  NRL  Data 

)1.  Keenan,  J.H.,  Kaye,  J.,  Gas  Tables,  John  Wiley  and  Sons,  Inc.,  N.Y., 

1946. 

12.  Swift,  H.F.,  “ Elect roballistic  Techniques,”  Proceedings  of  the  4th 
Hypervelocity  Impact  Effects  Symposium,  Volume  1*  Eglin  Field, 
Florida,  April  I960 


NRL,  ACCELERATOR  DEVELOPMENT 


13.  Swift,  H.F.,  and  Porter,  C.D.,  “Hypervelocity  Capability  and  Impact 
Research,"  Semi-Annual  Progress  Report,  to  ARPA  on  No.  70  for  period 
January  -  June  1962.  NRL  Memorandum  Report  No.  1348,  July  1962 

14.  Baker,  J.R.,  Maher,  W.E.,  and  Swift,  H.F.,  “RLC  Circuit  Analysis/* 
NRL  Memorandum  Report  No.  1229,  published  October  .1962 

15.  Chase,  W.G.,  Moore,  H.K.,  (editors)  Exploding  Wires,  Plenum  Press, 
New  York,  1962  (Volume  2) 


PERFORMANCE  OF  A  THREE  STAGE  ARC  HEATED  LIGHT 
GAS  GUN 


J.  Eckerman. 
W*  L.  McKay 


RESEARCH  and  advanced  development  division 

AVCO  CORPORATION 
Wilnington,  Massachusetts 


Ibis  work  supported  by  Ballistics  Systems  Division,  United  States  Air  Force 
under  contract  #AF04  (69*0 -239 


^47 


THREE  STAGE  GAS  GUN 


CONTENTS 


Page 


ABSTRACT  249 

INTRODUCTION  250 

I.  LAUNCHER  OPERATION  AND  DESIGN  253 

II.  LAUNCHER  PERFORMANCE  258 

A.  Experimental  Results  258 

B.  Pressure  Measurements  261 

C.  Theoretical  Performance  264 

Analysis  266 

Conclusions  269 

REFERENCES  27  1 

APP.  I  -  The  Length  of  the  Equivalent  Adiabatic  Compressor  272 

APP,  II  -  Calculation  of  Launcher  Performance  274 

1.  General  Adiabatic  Compression  274 

2.  Modification  of  the  General  Case  to  Include  Arc  Discharge  276 

NOMENCLATURE  280 

TABLES  AND  FIGURES  283 


218 


THREE  STAGE  GAS  GUN 


ABSTRACT 

The  design,  operation,  perf^ ^ruxc  and  internal  ballistics  are 
described  for  a  caliber  0.600  light  gas  gun  with  arc  discharge  heating 
of  the  driver  gas. 

The  complete  development  of  the  launcher  is  detailed.  Tills  includes 
the  300,000  joule  capacitor  bank  construct:’  ir  the  effect  of  discharge 
time  on  performance,  the  effect  of  discharging  at  different  times  during 
the  compress ion  stroke,  discharge  chamber  design  and  switching  technique. 

In  this  paper,  it  is  shown  that  improved  launcher  performance  was 
obtained  by  arc  discharge  heating  over  the  unheafcod  configuration  for  the 
same  mass  projectile  at  the  same  maximum  reservoir  pressures,  ’ 

The  interior  ballistics  analysis  presented  for  this  type  of  modified 
adiabatic  compressor  follows  the  procedure  of  Char  verb,  uenardo  and  Rossow, 
The  computation  given  is  generalized  to  include  variation  of  the  discharge 
energy  as  veil  as  the  discharge -compress ion  cycle. 
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Introduction 

Improvement  of  gun  performance  Las  been  a  task  which  has  occupied 
the  attention  of  ballistic  laboratories  for  many  years*  The  pi'oblem 
can  be  summarized  by  considering  the  relation  between  velocity  Gradient 
—  and  pressure  gradient  along  a  gun  barrel 

1  dp  -(  a  )  du_ V~M  du 
p  dx  RT  da  Ir  T  dx 

Thus  the  pressure  drop  between  the  reservoir  and  projectile  base  is  pro¬ 
portional  to  the  velocity  of  the  projectile.  The  magnitude  of  the  pressure 
drop  varies  as  where;  If  is  the  ratio  of  specific  heats,  the 

universal  gas  constant,  n  the  gas  molecular  weight ,  T  the  gas  teurperalure* 
Ultimate  launcher  performance  it;  limited  by  the  strength  of  either  the 
model  or  the  gun  components.  Thus  at  the  maximum  (limiting)  pressure  in 
the  reservoir,  or  equivalently  high  pressure  on  the  projectile,  higher 
projectile  velocity  can  be  achieved  by  (a)  decreasing  the  molecular  weight 
of  the  gas,  (b)  increasing  tne  reservoir  temperature,  or,  (c)  both. 
Historically,  the  New  Mexico  School  of  Mines  (NMSM)  developed  the  first 

light  gas  gun  using  hydrogen.  That  is,  higher  performance  was  obtained  by 

1 

decreasing  tne  molecular  weight.  A  similar  approach  to  the  NMSM  was 

n 

adopted,  by  the  Naval  Reseerch  Laboratories  group  and  the  Ames  Research 

3 

Center  NASA.  in  both  these  launchers,  a  heavy  subsonic  piston  is  employed 
to  adiabatically  compress  hydrogen  or  helium.  The  high  pressure,  high 
temperature  hydrogen  is  then  employed  as  the  gas  which  drives  the  projectile. 
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Tlie  Naval  Ordnance  Laboratory  ballistics  group  was  the  proponent  oT 
two  techniques  to  improve  performance :  (i)  heating  of  driver  gas  by 
multiple  reflection  of  a  shock  wave  as  in  a  reflected  shock  tube  eonf iguration , 
(ii)  increase  initial  temperature  of  the  driver  by  the  addition  of  heat  from 
the  reaction  of  hydrogen  and  oxygen.  The  increase  in  the  molecular  weigh c 
of  the  driver  gas  by  the  addition  of  oxygen  reduces  somewhat  the  effective¬ 
ness  of  the  heat  addition. 

At  NASA,  the  NOL  shock  heating  principle  was  further  improved  by 

addition  of  a  light  piston  to  drive  the  shock  wave  within  the  driver 

section#  This  configuration  was  also  employed  in  the  launchers  developed 
4 

at  Avco  RAT.  and  more  recently  at  Arnold  Engineering  and  Development 
Center  (AKDC). 

The  use  of  010011-1081  energy  by  electrical  discharge  to  preheat  the 

driver  gas  without  increasing  molecular  weight  who  suggested  by  the  Utah 

6 

Research  and  Development  Company.  Tills  design  involved  addition  of  the 

electrical  energy  at  the  end  of  the  piston  stroke#  Partin],  preheating 

(  t  a-  500 °K)  of  the  driver  has  been  successfully  employed  at  AEDC^. 

The  laurr-her  to  be  described  in  this  paper  employs  arc  disci  targe 

heating  of  the  driver  gas  before  compression.  This  design  was  selected 

to  maximize  the  performance  of  fragile  (acceleration  limited)  models, 

since  the  reservoir  sound  speed  (temperature)  will  be  higher  than  for  a 

similar  discharge  at  any  other  time  during  the  pump  cycle. 

4 

The  light  gas  guns  currently  in  use  at  Avco  RAD  operate  consistently 
at  hypervelocity  speeds  (20,000  to  £5/000  feet  per  second)*  These  tvo-stage 
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light  gas  guns  utilize  a  supersonic  piston  in  the  pump  tube.  This  generates 
a  shock  wave  in  the  driver  gas  which  undergoes  multiple  reflection  from  the 
base  of  the  projectile*  The  steep  pressure  pulse  applied  to  the  model  dur¬ 
ing  shock  reflection  caused  either  tip  or  interface  failure  of  double  ele¬ 
ment  models. 

Using  a  new  technique  for  ruggedizing  model  construction,  titanium  — 

base,  steel- tipped  slender  cones  (half  angle  10°)  have  been  launched  to 

velocities  in  excess  of  17,000  feet  per  second  at  RAO.  However,  these 

models  failed  at  higher  loading  conditions. 

In  order  to  launch  cone  models  at  velocities  greater  than  90,000  feet 

per  second,  a  shock-free  compression  stage  was  considered  mandatory.  This 

requires  adiabatic  compressor  type  pump  Btage.  The  launcher  described  in 

this  paper  is  such  an  adiabatic  compressor.  However,  by  cunuLuiil.  volume 

heat  addition  before-coiirprcscion,  a  much  shorter'  compression  stroke  i3 

required  to  achieve  the  same  temperature  and  pressure  as  an  adiabatic  com- 

o 

pressor  which  operates  with  300  K  hydrogen  prior  to  compression.  In 
Appendix  (I)  of  this  paper,  it  is  shown  that  a  one  mile  long  pump  tube 
would  be  necessary  to  adinbatically  achieve  tlie  same  conditions  as  the  dis¬ 
charge^ -then-pump  cycle* 

The  three  stage  arc  discharge  gun  was  fabricated  by  modification  of 
on  existing  caliber  0*60  piston  compression  gun  to  accept  an  arc  heating 

stage.  A  capacitor  bank  capable  of  delivering  300,000  Joules  of  energy  in 
40  microseconds  was  constructed  and  used  to  heat  the  gas. 

In  the  following  sections,  actual  launcher  design,  operation,  and  per¬ 
formance  will  be  discussed  as  well  as  theoretical  internal  ballistics  calcula¬ 


tion  of  performance. 
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I*  LAUNCHER  OPERATION  AND  DESIGN 

The  launcher  described  in  this  paper  is  illustrated  in  figure  I, 

The  sequence  of  operation  is  listed  below  for  two  types  of  compression 
cycles. 

(A)  FAGT  DISCHARGE 

1)  An  electric  signal  fires  an  electric  primer  which  ignites  the 
powder  charge.  Upon  reaching  a  predetermined  pressure,  the  piston  shear 
disc  releases  and  the  pi3ton  begins  acceleration. 

2)  After  about  four  feet  of  travel,  (midway  in  pump  tube)  the  piston 
enters  the  electrode  assembly.  The  conductive  face  of  the  piston  shorts 

the  gap  and  the  electrical  energy  stored  in  the  capacitor  bank  ia  discharged 
Into  the  hydrogen.  The  discharge  time  is  approximately  ho  microsecond n. 

3)  The  piston  then  continues  onward,  further  compressing  the  hydrogen. 

The  gate  valve  opens  or  projectile  hold-back  device  then  releases.  Fur¬ 
ther  compression  by  the  piston  continues, 

h)  ProjectiD.e  acceleration  down  gun  barrel  begins. 

(B)  LONG  DURATION  DISCHARGE 

1)  Same  as  for  fast  discharge. 

2)  Soon  after  the  piston  begins  accelerating,  the  compression  waves 
propagated  by  its  motion  arrive  at  the  electrode  assembly.  A  thin,  metallic 

strip  suspended  from  the  upper  electrode  is  pushed  against  the  lower  electrode. 
This  la  called  a  "wind"  switch  by  our  engineers,  since  as  the  strip  flaps, 

It  closes  the  interelectrode  gap  and  initiates  the  discharge.  When  this 
trigger  cede  is  used,  a  large  inductance  is  used  to  slow  down  the  discharge 
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to  500  microseconds.  The  switch  components  are  vaporized* 

3)  The  piston  completes  the  compression  stroke ,  acting  against 
higher  hydrogen  pressure.  Since  the  gas  being  compressed  is  heated, 

(Tji  =  1500°K)  the  compression  is  nearly  adiabatic, 

4)  Same  as  in  mode  (A). 

A  detailed  description  of  the  separate  components  design  and  opera¬ 
tion  follows. 

Ia«  The  following  table  gives  the  geometry  of  the  gun  and  the  materials 
used  in  the  different  sections. 


TABLE 


Component 

Material 

Length 

Diameter 

(l)  Powder  Chamber 

4340  Stccl(R-"C,,-Ji?) 

ib.yh" 

2.30" 

ID 

9.r;0” 

OD 

(  ?)  Pump  Tube 

4340  Steel  (H-“Cm-42) 

<X>" 

1,50" 

ID 

( two  4- 

■foot  sections) 

4.X 

OD 

(3)  high  Pressure 

4340  Steel  (R-mC"-42) 

9-X 

l.x 

ID 

Section 

6.0” 

OD 

(4)  Launch  Tub 

4140  Steel  (R-”C”-42) 

72” 

0.60” 

ID 

2.0" 

OD 

(•;)  Arc  Chamber 

Liner-Teflon 

7.X  l.X 

1  ID  x  3/3"  thick 

Body  4340  Steel  (R-”C”-42) 

7.X 

7.2X 

OD 

In  the  original  arc  chamber  design  an  alumina  liner  was  shrink-fitted 
into  the  body  of  the  chamber  after  which  it  was  finish  machined.  This  liner 
was  later  replaced  by  teflon  which  was  much  more  economical  and  just  as 

efficient.  Two  electrodes  are  housed  in  this  chamber;  one  is  grounded  to 


/ 
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the  chamber,  11  uj  v.  ...i'jr  1  :su . ..eu  '•■  ;.i  the  v number  by  mug  of  a  l.eflc 

sleeve  and  c<.  meeted  to  a  collector  plate.  Both  electrodes  are  tipped 
with  Avcomet  ^copper  impregnated  tungsten)  to  minimize  erosion  and  thereby 
gas  contaminants.  The  chamber  is  clamped  to  the  pump  tubes  by  means  of  a 
tie-bolt  assenuly  as  shown  in  Fig,  2,  The  mating  ends  of  the  pump  tub-1'' 
and  arc  ehambei  are  /,f'sign«'  a} S gnrnent  of  the  bores. 

The  collector  plate  which  feeds  the  arc  chamber  by  collecting  the 
energy  from  the  individual  capacitors  is  made  up  of  two  l/3"  thick  copper 
sheets  three  feet  square  with  several  mylar  sheets  between  them  for 
electrical  insulation*  Bakclite  clamps  are  used  to  hold  this  assembly 
together.  Double  shielded  coaxial  cabl.es  from  the  bank  are  connected  to 
the  edg.es  of  the  copper  plates. 

The  electrical  energy  fur  the  discharge  is  stored  in  jOC -kilojoule 

rnjH'uri. Lor  bank.  The  Lank  consists  of  100,  I'y-microfurud,  20-kilcvcit 
Aero  vox  capacitors  housed  in  ')  racks.  The  twenty  capacitors  In  each  rack 
arc  inter-connected  oy  means  of  a  parallel  plate  uransmission  line.  Kach 
rack  is  connected  by  20  low- impedance  cables  to  a  flat  collector  plate 
fitted  tn  the  arc  ehambeq  as  shown  in  Fig,  3*  The  ringing  frequency  for 
a  dead  short  at  the  collector  plate  is  25  kilocycles.  The  charging  supply 
is  capable  of  delivering  full  energy  to  the  bank  in  3  minutes*  Approx¬ 
imately  50  microseconds  are  required  to  discharge  the  energy  across  a 
1-1/2"  gap  of  500  psi  of  iiydrogen,  the  actual  firing  conditions. 

At  present  the  collector  plate  is  provided  with  a  0*5  microhenry 
inductor  to  reduce  the  ringing  frequency  to  5*8  kilocycles.  The  inductor 
consists  of  two  parallel  single  loops  of  ^/Q"  diameter  copper  rod  lying  in 
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a  common  plane,  Fig*  'u  The  magnetic  force  tending  to  epen  the  loops  are 
thus  balanced,  and  the  mutual  inductance  between  the  loops  is  at  a  minimum. 

For  these  parameters,  the  calculated  critical  damping  resistance  is  RCr36*5  x 

-3 

The  actual  average  arc  resistance  under  firing  conditions  is  5  x  10  ja  , 

This  indicates  that  the  discharge  circuit  is  underdamped  causing  a  damped 
os cilia  1  :ion.  The  oscillation  lasts  for  two  or  t)iree  cycles  before  the  arc 
extinguishes,  resulting  in  a  discharge  time  of  approximately  500  microseconds. 
The  peak  current  is  reached  in  30  microseconds  after  the  initiation  of  the 
discharge,  in  all  cases  approximately  90$  of  the  stored  energy  has  been 
dissipated  in  the  discharge. 

Two  techniques  have  been  used  to  switch  the  bank.  The  first  utilizes 
two  pieces  of  *OhO  diameter  copper  bus  wire  extending  from  the  electrode 
approximately  1|  inches  toward  the  piston  end  of  the  chamber,  Fig.  The 
l ms  wire  is  pegged  into  nolee  in  the  electrodes  and  suspended  i/2  inch  uway 
from  the  vails  of  the  chamber.  A  one-half  inch  gap  is  maintained  between 
the  ends  of  the  wires.  The  gax>  is  closed  by  the  piston  which  consists 
of  a  plastic  cylinder  with  a  metallic  face.  When  contact  is  made,  the  vires 
explode  resulting  in  a  conductive  path  through  which  the  disc) targe  is  com¬ 
pleted.  In  the  second  technique  the  discharge  is  initiated  by  means  of  an 
exploding  foil  trigger  placed  between  the  electrodes,  Fig.  6.  A  small  strip 
of  brass  foil  is  attached  to  the  high  voltage  electrode  and  bent  away  from 
the  giound  electrode  extension  toward  the  piston.  The  separation  between  the 
foil  and  the  ground  electrode  is  sufficient  to  hold  off  the  maximum  voltage  to 
be  used*  When  the  piston  begins  to  move,  it  compresses  the  driver  gas  caus¬ 
ing  a  flow  past  the  switch.  The  foil  move  a  with  the  gas  ,  due  to  aero¬ 
dynamic  drag,  thereby  reducing  the  gap.  When  the  gap  becomes  sufficiently 
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email,  an  arc  is  struck  to  the  ground  electrode  exploding  the  foil.  The 
resulting  metal  plasma  provides  current  carriers  between  the  elec ‘n  udes 
which  maintain  the  arc  within  the  chamber.  Initiation  of  the  discharge 
occurs  almost  simultaneously  with  the  start  of  the  piston  as  determined 
from  direct  measurements. 

The  switching  mode  determines  the  discharge  duration  which  can  be 
used*  The  piston-contact  switch  is  used  exclusively  with  the  short  dis«* 
charge  time,  since  the  time  of  initiation  to  the  arrival  of  the  piston  at 
the  electrodes  is  very  short.  The  wind  switch,  on  the  other  hand,  may  be 
used  with  either  the  long  or  short  discharge,  although  it  was  designed 
primarily  to  be  used  with  the  former. 

Thu  launcher  has  been  designed  go  that  the  arc  chamber  may  be  placed 
at  the  beginning,  tne  mi dole ,  or  the  end  of  the  compression  stroke.  Firings 
bo  date  have  been  made  with  the  chamber  in  the  intermediate  position*  The 
operating  sequence  begine  with  the  ignition  of  the  gun  powder  propellant 
which  ruptures  a  diaphragm  x*e  leasing  the  piston.  The  ignition  of  the  arc 
may  occur  at  this  point  or  at  the  half-way  position  depending  on  the  switch 
being  used.  The  point  at  which  the  arc  is  struck  determines  the  pressure 
and  temperature  history  of  the  reservoir.  When  a  predetermined  pressure 
ia  reached,  a  diaphragm  is  ruptured  releasing  the  projectile.  The  piston 
velocity  must  be  adjusted  to  maintain  the  necessary  reservoir  conditions  to 
sustain  pressure  on  the  projectile  base.  The  piston  generally  extrudes 
into  the  expendable  section  at  the  end  of  ite*rcke. 

In  the  following  section,  results  of  firings  made  with  this  launcher 
will  be  discussed* 
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17  .  LAUNC^’:’  PERFORMANCE 
A*  Experimental  Results 

program  of  experimental  firings  vas  carried  out  to  determine  the  effect 
ol  Iouj  parameters  on  gun  performance.  The  variable  parameters  are  listed 
below: 

1,  Electrical  discharge  energy  (300,000  joules -maximum) 

2.  Powder  propellant  energy  (limited  by  existing  powder  chamber) 

3*  Projectile  i*e  lease  pressure 

*4.  Piston  mass 

5*  Hydrogen  loading  pressure 

Five  groups  of  firings  were  made.  In  each  group  a  single  parameter  was 
varied  tl  trough  a  range  of  values  sufficient  to  indicate  a  maximum*  Hie 
resulting  empirical  performance  curves  are  given  in  Fig.  7  (a-c).  Qincr 
the  parameters  were  treated  i ndej>f?hde/i!  }y,  their  interrelation  ic  not 
fully  accounted  fur;  however,  one  could  qualitatively  predict  the  effect 
of  multiple  variations  on  the  performance  based  on  the  above  results* 

The  performance  curves  therefore  established  the  firing  conditions  necessary 
to  obtain  the  maximum  projectile  velocity  for  the  launcher  geometry  dis¬ 
cussed  in  section  I  and  the  projectile  mass  used  tliroughout  this  program, 

8.2  grams.  The  resulting  conditions  are  as  follows: 

1.  120,000  joules  of  electrical  energy  added  at  the  beginning  of 
the  piston  stroke* 

2.  225  gr«ns  #*+895 1  powder  propellant, 

3*  90,000  psi,  projectile  release  pressure. 

4  .  2,000  gram  piston* 

5.  54c  psi  or  10  grams  of  hydrogen,  initial  loading  pressure. 
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Using  the  above  loading  conditions,  &  projectile  velocity  of  21,000  feet 
per  second  was  obtained  at  a  peak  reservoir  pressure  of  150,000  psi. 

The  results  of  the  above  study  indicated  two  major  limitations  in 
the  existing  launcher* 

1.  The  launch  tube  was  too  short* 

2,  The  size  and  strength  of  the  existing  powder  chamber  was  in¬ 
sufficient. 

An  indication  that  the  launch  tube  was  too  short  was  obtained  when,  for 
a  given  reservoir  pressure, the  projectile  velocity  decreased  as  LLe  dis- 
e barge  energy  was  raised  above  120,000  joules*  An  a  result,  several  pressure 
» •r>nf,U‘,i  v  I'.",  were  red*  ! ; .  !’:«  ;  «  r**  ■.»"  ti  <  .b’-Mv,  :  s’.f  r ' '  the-  r.U”.',’."1.  e  crd. 

Kf\l.al’.lvc.L;/  J i j. f . j i  pressure:;,  up  i.o  i w,woo  psi,  wore  n<w«;i.u  >.ii-  «l  pu.inl. 
i,  .inches  from  the  nuzzle*  This  pressure  In 'reused  as  fi«i-  disehur,  o 

Increased*  The  (f  uUiU’.live  result,  tliorel'orc ,  w  as  t-.ul  lor  ,  Tver, 
discharge  energy  there  exists  an  optimum  length  of  launch  h“i.e*  The  ex¬ 
isting,  ;;nn  barrels  art.'  1l0  calibers  long,  whirr  appears  to  he  optimum  for 
120,000  joules  discharge  ener,:/*  Appendix  J  discusses  the  effective  pump 
tube  length  after  the  addition  of  electrical  energy.  It  is  the  effective 
pump  tube  length  to  which  the  launch  tube  must  be  matched. 

The  powder  chamber  strength  and  size  were  determined  to  be  inadequate 
when  the  maximum  powder  charge  at  maximum  discharge  energy  was  only  capable 
of  compressing  the  hydorgen  to  approximately  100,000  psi*  As  a  result, 
for  a  given  powder  charge,  the  projectile  velocity  decreased  with  increasing 
discharge  energy.  The  pressure  records  shown  in  Figi  £  (a,b)  illustrate  this 
effect.  The  reason  for  the  above  lies  in  the  fact  that  the  higher  hydrogen 
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pressure  resulting  from  constant  volume  heat  addition  requires  a  greater 
piston  energy  in  order  to  obtain  the  came  pressure  without,  heat  addition* 

A  larger  powder  chamber  will  be  required  if  the  maximum  discharge  energy 
is  to  be  used*  The  above  phenomenon  is  discussed  more  quantitatively  in 
section  IV  and  Appendix  II. 

The  projectile  release  pressure  was  controlled  by  a  shear  disc  in 
all  cases.  The  addition  of  weight  to  the  payload  by  increasing  the  re¬ 
lease  pressure  was  compensated  by  reducing  the  weight  of  the  projectile* 

A  release  pressure  of  90>000  psi  was  necessary  to  achieve  maximum 
velocity  vrtien  the  electrical  energy  was  added  to  the  gas.  Without  the 
addition  of  energy,  a  40,000  p3i  shear  disc  couM  be  tolerated.  In  general, 
the  release  pressure  increased  with  increasing  electrical  energy.  The 
basis  for  this  can  be  seen  in  Fig.  {J*  For  a  given  piston  velocity  the 
pre ssurc  rise  is  clover  at  a  given  release  pressure  as  the  energy  is  in¬ 
creased.  In  order  bo  compensate  for  this,  the  release  pressure  must  be 
increased. 

The  pi stan  mass  determines  the  pressure -time  history  in  the 
reservoir  and  therefore  at  the  hast*  of  the  projectile.  If  the  piston  is 
too  light,  it  will  come  to  the  end  of  its  stroke  and  reverse  direction 
while  the  projectile  is  accelerating.  On  the  othei  hand,  if  the  piston 
is  too  heavy,  the  projectile  will  have  left  the  barrel  while  the  piston 
has  a  considerable  amount  of  energy.  Both  extreme  cases  result  in  low 
efficiency  of  energy  transfer  between  the  gas  and  the  projectile.  An 
optimum  piston  mass  of  1800  grams  was  obtained  from  these  firings. 

The  hydrogen  loading  pressure  determines  the  temperature  rise  of  the 
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gas  after  constant  volume  lieat  addition.  A  reduction  in  loading  pressure 
results  in  an  increase  in  temperature,  Appendix  II,  The  effect  of  loading 
pressure  on  the  gun  performance  was  relatively  small  over  the  range  of 
values  covered  in  these  firings.  A  value  of  5^0  psi  or  10  grams  of  hydrogen 
was  selected  as  the  optimum, 

A  list  of  the  firings,  results  and  conditions  is  given  in  Table  I*  It 
should  be  noted  lhat  all  rounds  from  // 28  on  employed  the  inductance  or 
long  duration  discharge  mode.  The  instrumentation  failure  experience  in 
many  of  the  rounds  was  a  result  of  the  RF  noise  generated  by  the  discharge 
and  picked  up  by  the  downrnnge  instrumentation.  It  is  noteworthy  here  to 
ennvnt  that,  these  rounds  were  not  a  total  loss  since  the  pressure  his  Lory 
wus  still  obtained. 

In  conclusion,  It  should  ho  noted  Lhat  the  above-mentioned  conditions 
ai'c  optimum  for  this  launcher  geometry  only.  An  improved  performance  is 
expected  with  the  longer  launch  tube  and  heavier  powder  chamber. 

J3*  Pressure  Measurements 

In  the  majority  of  firings  the  reservoir  pressure  was  monitored  at 
a  point  one  inch  from  the  entrance  to  the  launch  tube.  As  a  result,  the 
time  of  projectile  release  can  be  seen  on  many  of  the  pressure  traces.  In 
several  firings  the  pressure  in  the  bore  of  the  launch  tube  was  measured; 
however,  because  of  the  deleterious  effect  of  the  pressure  port  on  the  pro¬ 
jectile,  this  vas  done  only  a  few  times.  The  pressure  records  on  the  whole 
enabled  us  to  determine  the  effect  of  various  parameters  on  the  pressure 
history  and  projectile  velocity.  For  the  most  part,  the  results  were  what 
one  would  intuitively  predict. 

Kistler  pieao-electric  pressure  transducers  were  used  to  monitor  the 
pressure.  The  basic  Kistler  *.-01  ballistics  pressure  UiUisducer  is  capable 
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ol‘  measuring  pressure  pulses  from  0  to  5*000  psi  with  a  maximum  frequency 
response  of  200  lie*  Adapters  were  used  to  extend  the  range  up  to  300,000  psi 
with  a  corresponding  reduction  in  frequency  response  to  100  kc  as  the  range 
increase*''  to  the  maximum,  The  adapter  selected  for  a  given  pressure  measure¬ 
ment  was  determined  by  the  position  on  the  launch  system  where  it  was  to  be 
used.  For  instance,  the  0-5,000  psi  adapter  was  used  at  the  arc  chamber 
position  to  measure  heating  efficiencies,  the  0-35,000  psi  adapter  at 
positions  greater  than  h  feet  down  the  launch  tube,  the  0-100,000  psi  adapter 
at  the  entrance  to  the  expendable  section,  and  the  0-300,000  psi  adapter  at 
the  entrance  to  the  launch  tube. 

Several  pressure  records  are  given  in  Fig.  9  (a-f).  These  records 
indicate  more  or  less  chronologically  the  steps  token  to  tailor  the  pressure 


pulse  to  n  shock- Tree  or  week  shock  eondi Lion,  Tc  ull  cases,  except  (c), 
li  e  , ,i i( / :  was  located  one  inch  from  the  projectile*  In  the  latter  case,  the 
was  located  near  the  arc  cliuubcr  to  measure  licatiug  efficiency. 

Figure  10a  illustrates  the  pressure  history  resulting  from  compression 
of  the  hydrogen  by  a  subsonic  piston  in  which  no  electrical  energy  was  added 
to  the  r.ar»,  'The  scope  was  adjusted  to  tripper  when  a  5*000  pci  level  was 
reached  at  the  gage,  The  step-like  increments  in  pressure  are  the  result 
of  a  weak  shock  wave  generated  by  the  piston  and  reflected  back  and  forth 

ft. 9 


between  it  and  the  projectile.  It  can  be  shown  from  shock  tube  theory  that 

a  shock  wave  is  generated  as  long  as  the  piston  is  moving,  e.g*  the  shock 
strength  Y  ■  ^  — >  1  when  the  piston  velocity  Mp— t  0.  The  piston  velocity 
in  this  case  is  1,000  feet  per  second  and  the  projectile  velocity  is  8,700 
feet  per  second.  The  purpose  of  this  test  was  to  obtain  a  comparison  between 

viiO  !.ca«  anu  no  ..cao  cases, 
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In  Fig.  10b  an  attempt  was  made  to  determine  the  shock  strength 
generated  by  the  short  duration  discharge  and  to  determine  if  it  was 
sufficient  to  rupture  the  shear  disc.  In  this  case,  the  rear  section  of 
pump  tube  was  plugged  up  to  the  arc  chamber,  thereby  simulating  the  actual 
chamber  volume  when  the  arc  in  sti*uck  by  the  piston  (piston  contact  switch)* 
This  volume  was  then  charged  with  hydrogen  to  a  pressure  corresponding  to 
actual  conditions.  The  bank  was  charged  to  maximum  voltage  in  an  effort  to 
break  down  the  gap  and  discharge  the  bank.  It  was  necessary  to  reduce 
the  hydrogen  pressure  to  800  psi  before  the  gap  conducted.  The  resulting 
shock  wave  was  traveling  at  3.0,000  feet  per  second  and  had  a  peak  of 
hO ,000  psi.  The  reflected  shock  wave  can  be  seen  at  the  end  of  the  trace, 
weakened  an  the  contact  surface  decelerates  and  equilibrium  is  approached. 
The  shear  disc,  designed  to  rupture  at  h0,0U0  pci,  did  not  shear  when 
subjected  to  this  short  duruliuu  ii.i]m3.se« 

An  attempt  was  mde  to  determine  the  amount  of  electrical  energy 
which  goes  into  raising  the  temperature  and,  specifically,  the  pressure  of 
the  gas.  From  the  measurement  of  the  pressure  rise,  one  can  calculate  the 
efficiency,  . 

„  m  vi  ,  F  measured 

9  ~  q  ^  (y  -i)  ~  F  calculated 

wliere 

a  ^ie  raeasure^  Pressure  rise 

V|  ■  volume  at  discharge 
»  stored  energy 

X  «  1.3  for  heated  hydrogen. 
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In  Fig,  10c  the  sweep  was  initiated  by  the  discharge  of  the  bank.  Approx¬ 
imately  1  millisecond  from  t^  an  equilibrium  pressure  of  about  4,000  psi 
is  reached.  The  shock  waves  moving  past  the  gage  are  generated  by  the  piston 
and  somewhat  confuse  the  equilibrium  pressure  measurement.  In  order  to 
calculate  the  efficiency,  one  must  coi'rect  for  the  pressure  rise  due  to  the 
movement  of  the  piston,  in  this  case  100  psi.  The  pressure  rise  after  dis¬ 
charge  (App.  II)  and  compression  is  calculated  to  be  psi.  The  efficiency 

is 

P  measured  =  4000  c 

P  calculated  53**0  /a# 

It  in  interesting  to  observe  from  this  trace  the  recompression  of  the 

powder  gas  by  piston  reversal.  In  Fit,*  10  (d  -  f)  steps  were  taken  to 
eliminate  the  Dtrong,  shocks  generated  by  the  discharge.  Fig.  lOd  illustrates 
tne  nost  severe  ease  of  shock  heating  in  which  the  short  duration  discharge 
?s  used  with  the  piston  contact  switch*  A  variation  of  thisFig.  10c  ; 
utilised  the  short  duration  discharge  with  the  wind  switch  theorising  that 
if  the  gas  were  allowed  to  expand  axinlly  in  both  directions, the  shock 
strength  would  be  reduced.  Very  little,  if  any,  improvement  resulted. 

Fig#  lOf  is  the  closest  approach  to  a  shock- free  compression  and  heating  ob¬ 
tained  to  date.  Tiuir,  was  achieved  by  increasing  the  discharge  time  by  a 
factor  of  10  and  allowing  it  to  expand  axially  in  both  directions  by  employ¬ 
ing  the  wind  switch  trigger. 

In  summary,  one  can  see  that  pressure  records  are  Invaluable  pieces  of 
data  in  analyzing  the  performance  of  ft  gun,  A  considerable  reduction  in  the 
number  of  experimental  firings  have  resulted  from  these  pressure  records. 

From  the  pressure  records  obtained  from  this  parametric  study,  one  can 
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essentially  tailor  the  pressure  pulse  to  suit  a  given  required  launch 
condition, 

C,  Theoretical  Perfox'snance 

A  procedure  for  computing  the  performance  of  the  arc  heated  three - 
stage  launcher  is  discussed  in  detail  in  Appendix  II  of  this  report.  Several 
calculations  were  made  to  determine  optimum  operating  conditions  as  well  as 
to  assist  in  the  evaluation  of  the  gun  performance.  Figs.  11,  12  and  13 
indicate  the  computational  predictions  for  the  launcher  geometry  discussed 
in  this  paper.  Figure  12  illustrates  a  case  in  which  no  arc  heating  occurs, 

A  projectile  mass  of  5  grams  was  used  in  all  computations. 

1.  Comparison  of  theoretical  performances  of  the  adiabatic  compressor 
witli  the  three  stage  (heat- compress)  launcher,  bet  vis  determine,  using. 

Fig.  11  through  13,  the  conditions  necessary  to  achieve  a  projectile  velocity 
of  10,000  foot  per  second  fen*  each  case. 

(a)  Compression  only  (Fig.  13) 

The  muss  of  gas  required  is  18  grams  as  given  by  the 
upper  curve.  The  pressure  obtained  from  the  lower 
c\u’ve  at  18  grams  of  hydrogen  is  approximately  60,000  psi. 

(b)  Three  stage  (heat  then  compress)  (Figs.  11  and  12) 

In  this  case  there  are  several  loading  conditions  which 
can  be  used  to  achieve  10,000  feet  per  second.  Using 
3  grams  of  hydrogen  and  referring  to  Fig*  11,  it  can  be 
seen  that  a  pressure  P2  ■  25,000  is  required*  From 
Fig.  12  the  required  discharge  energy,  Q  ■  160,000  joules 
is  obtained.  Using  18  grans  of  hydrogen,  Q  -  40,000  joules 
and  c  1+5,000  psi. 
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The  lover  resulting  in  the  case  of  the  three-stage  launcher 
is  desirable  from  the  standpoint  of  accelerating  two-piece  models. 

2.  Comparison  of  theoretical  performance  of  the  three -stage  launcher 
■with  the  observed  performance. 

The  empirical  performance  curves  for  the  two  cases  (with  and  with¬ 
out  heating)  are  given  in  Fig*  14*  In  this  graph  the  measured  reservoir 
pressure  is  plotted  against  the  measured  projectile  velocity.  An  initial 
hydrogen  pressure  of  5^0  psi  or  10  grams  was  used  in  all  cases.  The  dis¬ 
charge  energy  was  120,000  joules* 

The  actual  conditions  required  to  achieve  20,000  feet  per  second 
v:ith  the  above  loading  values  were 

t  f.  N  vi  i  r\rv\  ■>-  ■  • 

V'J  1  2  "  l 

(b)  il  »  120,000  joules 

Hoferrln/,  to  Figs.  11  and  12  one  obtains  the  following  conditions  to 
obtain  20, 000  feet  per  second  at  a  loading  pressure  of  10  gr  nmo . 

(a)  Po  =  ldO, 000  l>si 

(b)  Q,  «  270,000  joiU.es 

It  is  difficult  to  obtain  a  good  comparison  in  tills  manner  since  the  Xjro“ 
jeetile  weight  and  exact  loading  conditions  are  not  duplicated.  However,  a 
reasonable  agreement  is  obtained. 

In  order  to  determine  more  rigorously  the  accuracy  of  the  predicted  per¬ 
formance,  the  loading  conditions  for  several  actual  firings  were  substituted 
into  the  equations  of  Appendix  II.  The  results  showed  agreement  within  1%, 

Analysis 

The  primary  concern  in  the  design  of  the  three  stage  arc  heated  launcher 
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was  to  provide  a  smooth  shock-free  acceleration  of  the  projectile*  In 
the  early  firings  where  a  short  discharge  was  used  to  heat  the  gas,  large 
amplitude  short  duration  pressure  pulses  were  observed,  Fig.  lOd.  It  was 
later  determined  by  means  of  a  static  firing  of  the  bank  that  these  pulses. 
Fig.  10b,  were  generated  by  the  discharge*  The  explanation  for  this 
phenomena  is  given  in  the  following  discussion. 

The  occurrence  of  the  pressure  pulses  may  be  attributed  to  the  shock 
tube  effect  caused  by  the  rapid  discharge  of  energy  in  the  volume  between  the 
piston  and  the  electrodes.  A  discontinuity  occurs  from  the  local  short  dura¬ 
tion  heating  thereby  creating  a  slug  of  hot  gas  which  acts  as  a  piston  (or 
contact  surface  in  a  shock  tube)  which  expands  into  the  undated  volume. 

•Phr*  ''vpn.nr.i nn  volonily  iv.  rufTie  lent  to  generate  a  strong  shock  wave  in 
the  imhcntcd  gas.  The  shock  wave  uoven  into  the  unlicnbcd  gas  at  a  greater 
velocity  than  the  can  loot  surface,  raising  the  temperature  and  pressure  us 
it  passes. 

The  shock  heating  process  proceeds  tlu’ough  a  series  of  reflections  be¬ 
tween  the  projectile  and  the  contact  surface  until  the  contact  surface  is 
sufficiently  slowed  down.  The  pressure  record  in  Fig.  10b  shows  two  passes 
of  a  shock  wave  generated  by  a  short  duration  discharge. 

From  tliis  pressure  history  in  the  pump  tube,  shock  velocity  and 

8  9 

strength  were  measured.  The  calculated  values,  using  shock  tube  theory  * 

correlated  veil  with  the  measured  values.  The  high  shock  strengths  caused 
pressure  overshoots  on  the  projectile  base  equal  to  or  greater  than  those 
obtained  in  the  supersonic  (light  piston)  two  stage  launcher,  without  dis¬ 
charge.  The  addition  of  inductance  into  the  circuit  stretched  the  discharge 
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time  and  decreased  the  pressure  overshoot  effect,  Tig.  10f.  Tills  long 
duration  discharge  required  switching  earlier  in  the  cycle.  A  simple 
nwind"  switch  was  installed  which  closed  the  gap  when  the  first  weak  com¬ 
pression  waves  arrived  at  the  electrode  assembly  from  the  accelerating 
piston.  This  type  discharge  was  more  effective  since  not  only  was  the  gas 
heated  more  slowly,  but  the  plasma  was  free  to  expand  both  toward  the  piston 
and  in  the  direction  of  the  projectile. 

Two  further  advantages  were  gained  from  the  long  duration  discharge: 

The  heat  loss  due  bo  radiation  was  reduced  as  a  result  of  the  lower  peak 
temperature  and  the  amount  of  contaminant  produced  by  the  erosion  of  the 
electrodes  was  decreased.  However,  by  heating  early  in  the  compression 
cycle,  the  gas  is  cib  an  elevated  temperature  for  a  longer  time  thereby 
increasing  the  conductive  heat  losses. 

TIuj  elevation  of  the  initial  gas  pressure  at  the  beginning  of  the 
compression  cycle  increases  the  work  which  must  be  done  by  the  piston  during 
the  compression  stroke.  This  effect  is  demonstrated  in  figure  U  (n,b)  where 
the  pressure  records  taken  at  several  values  of  the  discharge  energy  are 
shown .  Increasing  the  discharge  energy  increases  the  hydrogen  pressure. 

For  a  fixed  mass  of  gun  powder,  the  piston  decelerates  earlier  along  the 
stroke.  The  final  hydrogen  pressure  which  drives  the  projectile  is  then 
lover.  Consequently j  the  powder  mass  and  volume  must  be  adjusted  carefully 
or  the  launcher  performance  will  degrade  under  that  obtained  without  discharge. 
The  following  equation  illustrates  this  principle  and  enables  one  to  calculate 
the  piston  velocity  at  a  given  position  in  the  pump  tube  as  a  function  of 
the  initial  hydrogen  pressure  (or  pressure  after  discharge)  and  powder 


ZGii 


THREE  STAGE  GAS  GUN 


gas  pressure. 


A  typical  example  illustrating  the  piston  velocity  (calculated.)  with  and 
without  heating  is  given  in  Fig*  9*  This  correlates  the  observed  and  pre¬ 
dicted  results. 

Conclusions 

The  arc  augmented  light  gas  gun  has  proven  to  be  an  ideal  launcher 
for  accelerating  projectiles  to  velocities  in  excess  of  20,000  feet  per 
second  as  can  be  seen  in  Fig.  1  h.  The  high  sound  speed  has  enabled  us  to 
launch  projectiles  using  n  lower  base  pressure  for  a  given  velocity. than  wild 
the  chock  heated  type  light  piston  launcher. 

A  longer  launch  tube  is  expected  to  increase  the  pcrX'ormance  of  this 

gun. 

The  versatility  of  thiB  launcher  liee  in  the  fact  that  the  chamber 
can  be  placed  at  virtually  any  position  along  the  pump  stroke  and  its 
energy  dissipated  over  any  duration  from  50  microsecond  to  many  milliseconds. 

It  can  therefore  be  used  as  an  ultra-high  velocity  particle  launcher  as 
well  as  fragile  projectile  launcher.  Many  combinations  of  reservoir  pressure 
and  temperature  can  be  obtained  in  small  geometry  launchers  which  formerly  required 
long  adiabatic  compressors* 

Ihe  ultimate  application  of  this  launcher  to  the  fragile  cone  model 
has  not  yet  been  accomplished*  However,  many  of  the  problems  e*g*  cycle 
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selection,  electrode  design,  insulation  erosion,  electrode.'  high  pressure 
seals,  projectile  hold  back,  etc,  are  essentially  solved,  This  method 
appeal's  to  us  to  hold  great  promise  for  the  next  generation  of  hyjier velocity 
launchers. 
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APPENDIX  I 

THE  LENGTH  OF  THE  EQUIVALENT  ADIABATIC  COMPRESSOR 


The  heat  addition  in  the  arc  discharge  configuration  occurs  at  constant 
volume*  while  heat  conduction  to  the  vails  and  radiation  are  neglected*  It 
is  instructive  to  determine  the  length  of  adiabatic  compression  which  would 
produce  the  Bame  conditions.  The  compression  by  the  piston  in  the  heat  addi¬ 
tion  case  is  also  adiabatic,  thus  the  complete  arc  discharge  cycle  can  be  inter¬ 
preted  in  terms  of  a  single  adiabatic  stroke  from  an  initial  length  Y-^  at  same 
intermediate  point  in  the  cycle,  the  piston  is  a  distance  from  the  end  of  the 
tube.  Where  is  the  length  of  the  arc  discharge  pump  tube.  At  this  instant, 
the  pressure  and  temperature  as  veil  as  the  mass  of  hydrogen  is  the  same  in  both 


cycles. 

Pressure  in  Ad.  Comp.  P 

*1 

Pressure  in  Arc.  Discharge 


I 

II 


Mas 8  of  Oas  Ad.  Comp.  °  Mass  of  Qas  Arc  Discharge 


Equating  (I)  and  (il)  and  substitution  from  III  yields 


JL 

*1 


Q  (  t  -  i) 
\ 


III 


IV 


Bm  relation  for  the  temperature  at  also  satisfies  equation  IV  vhloh 
is  the  desired  equation  for  the  ratio  of  the  two  strokes.  Application  of  ( IV) 
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to  the  launcher  considered  in  this  paper: 

Q(inax)  *  3(10^)  Joules 

««* 

V  ^  3000  cc. 

1  •»  600  p8i  ^  4/10^  dyne/cm^ 

.  ‘ .  -1-  (9)3  =  739 

X1 

or,  Y  =  5832  feet. 

1 

So  that  a  simple  adiabatic  stroke  over  one  mile  in  length  vould  be  required 
to  obtain  the  same  gas  conditions  as  In  the  discharge- then- compress  eight  foot 
stroke* 
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APPENDIX  II 

calculation  of  launcher  performance 


X.  General  Adiabatic  Compression 

An  excellent  interior  ballistics  analysis  of  the  adiabatic  compressor  type 
light  gas  launcher  has  been  carried  out  by  Charters,  Denardo,  and  Rossow1.  A 
procedure  will  bo  developed  here  which  builds  upon  their  results.  In  reference 
Newton’s  second  lav  is  integrated  to  provide  velocity-time  and  distance -time  re 
lationshlps  for  the  projectile  within  the  launch  tube  which  are 

t  -  1 

\  -  * 

V  -  1 


-A- 

r  [' 


b  -  1 


*  ) 


X  +  1 


*  -  1 


t  -  /  i  -  Jf  4  h  t 

*  -  i 


>  *  i 


(i) 


(2) 


where  u 


is  the  dimensionless  volocity;  t  « 


BJ  OL 

—fl _ 2L 


the  dimensionless  time]  sad  z 


ma  <*  1 


pa  s 


Is  the  dimensionless  distance,  m 


la  the  projectile  eases  *  ■■■» 


the  ratio  of  speolfic  heats; 


ag  Is  the  reservoir  sound  speed)  pg  is  reservoir  pressure;  8  is  the  cross*  sect  local 
area  of  the  launch  tafes, 

Then! 


L 


ta.i> 

pas 
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(3) 
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The  sub script  2  denotes  conditions  at  the  start  of  launch. 


In  reference  1,  the  position  of  the  piston  in  the  pump  tube  at  the 


start  of  launch  is  given  as 


X  -  t  a  — 
2  L  2  A„ 


(rh 


+  1_ 

2(*  -1) 


It  was  assumed  that  as  the  projectile  leaves  the  launch  tube,  the  piston  arrives 
at  the  end  of  the  pump  tube. 


Combining  Equations  (i)  and  (5)  yields 


2  (If  -  1) 


From  the  definition  of  z  is  obtained 


- 

z  a 


The  BM»  of  driver  pt)^  "  /°  2  *p  *2  “ 
relation,  equation  (3)  can  be  rewritten  me 


Ap  Xg.  Utilising  this 


(  *  -  1)  SL  Mg 

^  ^  An  “2  m 


thr.ee  stage  gas  gun 


The  adiabatic  expansion  equations  will  be  useful  in  this  derivation.  They  are 


V  * 

f\\ 

i  *2  / 


By  definition 


u 

s 


Then, 


u  *  a  u 
3  2  s 


1 


(10) 


(ii) 


2.  Modification  of  the  General  Case  to  Include  Arc  Discharge 

The  discussion  of  the  arc-heated  driver  section  requires  another  equation 

which  is  derived  from  the  first  lav  of  thermodynamic a  for  constant  volume  heat 
addition. 

Q 

T  *  T  - - 

d  bd  Mg  Cy  (12) 

9m  Q  is  tbs  energy  added  to  grass  of  gas.  Subscripts  "bdH  denote  before 
discharge!  "d"  at  discharge.  The  equation  of  state  can  be  written 

Pd  Vd  =  Mg  R  Td. 


(13) 
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Combining  liquations  (12)  and  (13)  an  expression  for  p  the  pressure  after  dis¬ 
charge  is  obtained. 


bd 


4 


QB 

Cy  Vd 


(14) 


For  the  case  -where  the  discharge  occurs  after  the  piston  is  accelerated  by  the 
burning  powder,  Equations  (12)  and  (13)  can  be  rewritten  as 


(12*) 


(14*) 


The  adiabatic  relations  (9)  are  now  used  to  determine  the  final  state  (2)  after 
the  piston  compresses  the  arc  heated  driver  gas  from  Pd  to  ?2 


Or,  using  (l4*)  in  (15)  there  is  obtained 


(15) 


Using  Vd 


tquation  (16)  bee  ones 


(16) 
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(l?) 


The  coaBB  of  the  piston  1b  determined  from  Newton’s  lav  of  motion 


Ap  (J 


-  P2>  *L 


(18) 


«usd  tbs  piston  vsloolty 
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Here  T  is  the  ratio  of  specific  heats  of  the  powder  gas,  y  -  - -  the 

A? 

length  of  the  powder  chamber  if  it  were  the  same  cross-sectional  area  as  the 
pump  tube«  Final  powder  pressure 

_ r 

yl  +  *1  '  *2  J 


The  mass  of  ponder  to  be  used  is  determined  from  the  following  equation: 


m  ta 

c 


p,u 


(i«)  • 


(22) 


where 


K  -  11.8  (10  )  cm,  and  U  is  the  chamber  volume. 
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F.  NOMENCLATURE 

Ap  =  area  of  pump  tube 

S  area  of  launch  tube 

L  =  length  of  launch  tube 

X  ss  distance  along  pump  tube  from  the  projectile  to  piston  face 
Xp  a  initial  length  of  pump  tube 
Xp  c  adjusted  length  of  pump  tube 
Xc  =  initial  length  of  powder  chamber 

m  a  projectile  mass 

s 

a  light  gas  mass 
k  =  mass  of  hydrogen 

p  •=  mass  of  powder 

^  = number  of  moles  of  hydrogen 

&  molecular  weight  of  hydrogen 

a  specific  heat  of  hydrogen 

us  a:  muzzle  velocity 

u0  «  dimensionless  velocity 

^2  «  efflux  velocity 

t  launch  time 

•  dime  us ionless  time 
2  •  length 

£  m  dimensionless  length 

a-,  a  initial  sound  speed 
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a  s  sound  speed  aTfcer  electrical  discharge 
d 

^  sound  speed  at  the  beginning  of  the  launch 
=  original  charging  pressure  of  light  gas 
a  pressure  just  after  electrical  discharge  in  light  gas 
Pg  =  pressure  at  the  beginning  of  launch 

X2  a  distance  from  the  front  face  of  piston  to  the  projectile  at 

the  instant  of  launch 

Y  a  distances  along  pump  tube  of  equivalent  adiabatic  compression 
a  volume  of  purap  tube  ahead  of  piston 
R  »  hydrogen  gas  constant  4^.1  x  10^  cm 
Rq  m  universal  gas  constant 

q  electrical  energy  across  electrodes 

T  «  room  temperature  °K 

«  tempera Lure  of  light  gas  after  discharge  °K 

T0  *  temperature  at  beginning  of  launch  angle  °K 
Cv  la  specific  heat  of  hydrogen  taken  at  2*6  cal/gr 
rj  c  efficiency  of  discharge 

Q 

—  for  hydrogen  -  1,4  cr  room  temperature  at  1000°C 
Cv 

Cv  -  2.75  «nd  .  1,358 

T  m  ratio  of  specific  heats  for  powder  propellant  gas 
U  «*  powder  chamber  volume 
Op  .  piston  mas 8 

up  “  piston  velocity 


IB  1 


THREE  STAGE  GAS  GUN 


=  powder  gas  ores sure  at  burn-out 
=  powder  gas  pressure  at  beginning  oT  launch 

=  powder  charge 
1.  Subscripts 

X  *  conditions  at  the  instant  ol*  piston  release 

2  =  conditions  at  the  instant  of  projectile  release 

d  =  conditions  at  the  time  of  electrical  discharge 
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Figure  6  WIND  SWITCH 


VERSUS  RESERVOIR  PRESSURE  AND  VELOCITY 
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Figure  10  Pressure  Records 
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Figure  10  (continued)  Pressure  Records 


THREE  STAGE  GAS  GUN 


Mill 


formance  Curves 


THREE  STAGE  GAS  GUN 


HYPER VELOC I TY  AUGMENTATION  TECHNIQUES 


*>y 

William  G.  Howell,  Research  Engineer;  Rodney  F.  Recht, 
Research  Engineer;  and  Thomas  W.  Ipson,  Materials  Specialist 


University  of  Denver 
Denver  Research  Institute 


HYPER VELOC ITI  AUGMENTATION  TECHNIQUES 


fey 

William  G.  Howell,  Research  Engineer;  Rodney  F.  Recht,  Research 
Engineer;  and  Thomas  W.  Ipson,  Materials  Specialist;  Denver 
Research  Institute,  University  of  Denver,  Denver  10,  Colorado 

ABSTRACT 

This  paper  presents  analytical  and  experimental  results  from 
an  initial  investigation  of  a  light  gas  gun  projection  system 
which  shows  promise  of  providing  a  break-through  into  the  35; 000 
to  50,000  velocity  range.  In  this  projection  system  a 

third  stage  is  added  to  the  end  of  the  launch  tube  of  a  conven¬ 
tional  two-stage  light  gas  projector.  This  third  stage  is  designed 
to  make  use  of  the  kinetic  energy  which  is  available  in  the  sabot 
at  the  time  that  a  sabot -projectile  combination  is  normally  Tired 
from  the  launch  tube.  It  has  a  convergent  section  which  acts  as 
an  acceleration  chamber  leading  into  a  final  launch  tube  having  a 
smaller  bore.  The  projectile  is  carried  centrally  on  the  face  of 
the  sabot  and  fits  the  bore  of  the  final  launch  tube.  It  is  obvious 
that  this  method  of  acceleration  has  many  problems,  but  the  analyses 
and  experimental  results  presented  lend  support  to  the  conclusion 
that  these  problems  may  be  satisfactorily  solved  by  optimization 
of  this  launch  technique* 
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Introduction 


The  Denver  Research  Institute  has,  for  several  years,  been  engaged 
in  a  research  effort  aimed  toward  the  development  of  an  electrically 
augmented  hypervelocity  projector  capable  of  launching  discreet 
particles  at  velocities  in  the  30; 000  to  50,000  fps  range.  This 
program,  sponsored  by  the  Air  Force  and  monitored  by  personnel  of 
the  Arnold  Engineering  Development  Center,  is  in  the  final  stages 
of  development  and  evaluation;  the  work  to  date  is  adequately 
covered  in  a  previous  paper.  *  v/e  have  also  been  involved  in 
hypervelocity  impact  research  and  it  was  in  our  studies  of  impact 
work  that  we  evolved  the  idea  leading  to  the  investigation  reported 
here.  In  impact  studies,  a  sabot  supports  the  projectile  and 
provides  a  gas  seal  during  the  launch  cycle.  Once  out  of  the 
launch  tube,  the  sabot  becomes  an  unwanted  missile  which  often 
impacts  the  target  and  clouds  the  data  for  which  the  tost  was  run. 
Yet  the  kinetic  energy  of  this  sabot  may  be  many  times  that  of  the 
projectile  because  of  the  mass  difference.  In  stripping  the  sabot 
from  the  projectile,  it  should  be  possible  to  devise  a  means  for 
imparting  some  of  this  excess  kinetic  energy  to  the  projectile* 
Having  observed  the  fluid-like  effect  exhibited  by  polyethylene 
in  the  Ames  accelerated  reservoir,  it  was  concluded  that  a  similar 
effect  might  be  expected  at  the  end  of  a  launch  tube.  This  is  the 
approach  used  in  the  program  discussed  here. 

A  third  stage  was  added  to  the  end  of  a  conventional  two  stage 
light  gas  gun.  This  third  stage  had  a  conical  convergent  section, 
or  accelerator,  leading  into  a  smaller  final  bore  as  illustrated 
in  Figure  1.  The  final  launch  tube  was  only  three  inches  long  in 
all  tests  except  round  13.  A  short  test  program  was  planned  in 
which  there  would  be  two  geometric  variables  in  the  accelerator; 
the  convergent  angle,  (©),  and  the  final  bore,  (d).  For  most  of 
these  tests  a  solid  polyethylene  sabot,  as  shorn  in  Figure  2B, 
was  used*  A  spherical  projectile  sized  to  fit  the  final  bore  was 


*  Superscripts  refer  to  Bibliography. 
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Figure  2 

Sabot  Configuration# 
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carried  centrally  on  the  face  of  the  sabot.  It  was  correctly  assumed 
that  the  front  face  of  the  sabot  would  be  accelerated  as  the  sabot 
passed  thru  the  convergent  section,  imparting  kinetic  energy  to  the 
projectile.  All  tests  were  run  with  a  five  foot  long  pump  tube 
having  a  bore  of  .75  in.,  a  caliber  .30  second  stage  launch  tube, 
and  with  loading  conditions  which  should  have  produced  approximately 
15,000  fps  without  the  third  stage  accelerator.  Experimental 
results  obtained  are  shown  in  Table  I. 

Theoretical  Analysis 


The  transient  form  of  the  Euler  differential  equation  of  flow  would 
probably  represent  the  process  being  considered  here  in  a  rigorous 
fashion.  Pressure,  density,  and  time  are  extremely  important  var¬ 
iables;  viscous  and  friction  forces  would  not  be  expected  to  be 
highly  influential.  Thus,  a  rigorous  mathematical  model  would 
consider  transient  compressible  flow  relative  to  a  short  cylinder 
of  frictionless  fluid  passing  through  a  convergent  section.  The 
lack  of  pertinent  equations  of  state  and  other  information  required 
to  evaluate  the  Euler  equation  and  the  associated  boundary  conditions 
preclude  such  an  analysis  at  the  present  time.  A  non-rigorous 
mathematical  model  wa3  developed  to  partially  explain  the  process 
by  which  the  energy  exchange  takes  place.  The  following  derivation 
serves  to  identify  some  parameters  which  influence  the  increase  in 
velocity  due  to  the  convergent  section. 


Figure  3 


In  Figure  3,  a  plastic  cylinder  (at  position  0)  moving  at  hyper - 
velocity,  VQ,  in  a  bore  of  diameter,  D,  passes  through  a  convergent 
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nection  into  a  smaller  bore  of  diameter,  d.  The  time  required  to 
pass  through  the  convergent  section  is  very  short.  It  is  assumed 
that  the  change  in  length,  L,  is  negligible  during  this  time.  Shear, 
vircous,  and  friction  energy  losses  are  assumed  to  be  very  small 
compared  to  the  initial  kinetic  energy  and  are  ignored.  The  plastic 
is  thereby  considered  to  be  a  compressible  non-vis cous  fluid. 

Momentum  transferred  to  the  tube  in  the  convergent  section  reduces 
the  velocity  of  the  center  of  the  mass  to  V]_.  The  plastic  cylinder 
of  diameter,  d,  and  length,  L,  is  highly  compressed  at  position  (1). 
Release  waves  progress  inward  from  each  free  end  of  the  compressed 
cylinder,  increasing  the  velocity  of  the  front  surface,  and  decreas¬ 
ing  the  velocity  of  the  rear  surface  by  a  value  AV:  as  illustrated  at 
position  (2)* 

A  projectile,  whose  mass  is  small  when  compared  to  that  of  the 
cylinder,  placed  upon  the  front  surface,  will  achieve  a  velocity 
approaching  Vi  +^V«  If  AV  is  greater  than  (vo  -  Vp)  the  projectile 
will  be  accelerated  to  a  higher  velocity  than  VQ.  A  plastic  sabot 
moving  at  hypervelocity  could,  in  this  manner,  transfer  kinetic 
energy  to  a  hypervelocity  projectile. 

Momentum  Loss.  The  maximum  impulse  transferred  to  the  gun  Darrel 
in  the  convergent  section  can  be  approximated.  Glace  no  energy  i3 
added  to  the  initial  kinetic  energy  of  the  plastic  cylinder,  the 
average  velocity  in  the  convergent  section  cannot  exceed  V0*  The 
maximum  average  velocity  normal  to  the  wall  is,  therefore,  VQ  sin©. 
Compression  waves  will  move  into  the  plastic  from  the  walls. 

Pressure  at  the  wall  can  be  approximated  from, 

P  s  /c  C  V  (1) 


lb  secc 

i i?~~ 


where  p  is  pressure  -  psi 

p  is  initial  mass  density  - 
C  is  wavefront  velocity  -  in/sec 

V  is  particle  velocity  -  in/sec 

Since  the  compression  process  is  taken  to  be  frictionlBSB,  only  a 
normal  force  is  transmitted  to  the  vail.  Substituting  y  for 

C  and  V0  (sin©)  for  V,  equation  (1)  becomes,  ^ 


P--  Vc  I  Kfi  5>r  0 


(2) 
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where  K0  is  the  bulk  modulus  -  psi 

©  is  the  convergent  half  angle 
The  surface  area  of  the  convergent  section  is: 


where 


q  ,  rr(^-r^) 

■5TV/7  e 

R  is  D/2 
r  is  d/2 


(3) 


The  average  time  for  a  given  particle  to  get  through  the  convergent 
section  at  a  maximum  velocity  of  V0  is, 


t  -  ^  —  - 

Vo  ta/r? 

The  Impulse  transferred  to  the  wall  will  be  equal  to  the  product 
of  equations  (2),  (3)>  and  (4);  however,  only  the  impulse  transfer 
in  the  direction  of  motion  will  effect  the  momentum  of  the  center 
of  mass.  Thus,  this  product  is  multiplied  by  sin  &  to  obtain  the 
impulse  which  changes  V0  to  V^, 

A  (>nd  ?  s//?e 

--  If  fi?! 5  (/?■ -  r ‘X /?-  H  Co*  e 

Initial  momentum  is, 


Al  l/0  “  ft  /f  '  L  /?  (/.  (6) 

The  ratio  of  momentum  loss  to  initial  momentum  is  obtained  by 
dividing  equation  (5)  by  equation  (6);  hence, 

y.-V-  ,  f%>.  [(' -  )] f 

Vo  ^  ~~  "  : 

When  V0  is  a  hypervelocity,  the  right  side  of  equation  (7)  has  a 
very  lov  value;  hence  an  assumption  that  there  is  no  loss  in 
momentum,  and  that  V-y  *  V0,  is  reasonable  for  determining  the 

feasibility  of  using  a  convergent  section  to  deform  and  thus 
pressurize  a  sabot  and  accelerate  a  projectile  to  higher 
hype rvc lo  c i t i c  s . 
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Increase  in  Velocity.  Bulk  compression  is  related  to  pressure  by, 

dP  -•  xif 

K  is  a  function  of  density.  The  relationship  is  not  known  for 
plastics  which  are  subjected  to  such  high  changes  in  pressure  and 
density  as  those  associated  with  this  process.  Assume  that  the 
relationship  is  of  the  form, 

K  *«.(£? 

This  assumed  function  permits  evaluation  assuming  a  constant  value 
of  K,  a  value  of  K  which  is  proportional  to  density,  a  value  of  K 
proportional  to  the  square  of  the  density,  and  values  of  K  which 
are  proportional  to  any  other  power,  n,  of  the  density. 


Using  this  function  for  K  in  equation  (8),  and  integrating  oetween 
the  limits  of  p  «  O  to  p  a  P(,  and  &  to  4  ,  the  pressures  within 
the  compressed  cylinder  becomes, 


ft 


Prom  equation  (1),  the  wavefront  velocity  resulting  from  the 
release  of  this  pressure  is, 


AV  7  •*£- 

ftC, 

but 


Ke  [r-  f.n] 

n  p*  P'  e, 


fi  p_l 

f  '  d1 


and  since  * 

(for  n>0), 


,  the  velocity  may  be  expressed  as 


(10) 


(id 


(12) 


(13) 


For  a  value  of  n  =  0,  equation  (13)  is  indeterminant.  If  n  =  0, 
the  bulk  modulus,  K ,  is  constant.  Integration  of  equation  (8) 
and  substitution  for  as  before  yields, 
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A  V 


(for  n  =  0). 


d 

\K> 

D 

'  fo 

Equations  (13)  and  (l4)  are  plotted  as  a  function  of  on 

Figure  k  using  values  of  n  equal  to  0,  1,  and  2.  The  physical 
constants  used  are  those  approximated  for  polyethylene.  The 
experimental  test  results  are  also  shewn  on  this  figure.  The 
use  of  n  o  2  in  equation  (13)  results  in  the  best  correlation 
with  the  experimental  data. 


Test  Results 


Up  to  this  point  in  the  discussion  we  have  ignored  some  of  the 
more  obvious  problems  such  as  the  acceleration  which  the  projectile 
must  undergo  in  this  process.  As  might  have  been  expected,  the 
projectile  was  broken  up  in  all  tests  and  many  pieces  of  the  sabot 
usually  came  devnrange  behind  the  fastest  particles  launched. 
However,  it  is  the  belief  of  the  authors  that  this  technique  which 
has  been  proven  to  have  great  potential  for  velocity  increase, 
may  be  optimized  to  produce  useful  results.  To  bear  this  out, 
a  nabot  as  shown  in  Figure  2A  was  used  in  rounds  5,  6  and  13* 

The  central  portion  of  the  main  sabot  was  loaded  with  a  plastic 
explosive  which  was  intended  to  provide  a  gas  cushion  behind  the 
smaller  sabot,  designed  to  fit  the  final  launch  tube.  Tests  5 
and  6  were  run  with  a  very  short  final  launch  tube  with  the  purpose 
of  determining  that  the  C-4  explosive  could  withstand  initial 
acceleration  without  detonation.  Detonation  at  the  third  stage 
acceleration  was  definitely  accomplished  in  these  tests.  Further, 
in  these  tests  the  smaller  sabot  wa3  broken  up,  but  not  severely. 
Also,  the  main  sabot  appeared  to  be  completely  eliminated  and 
only  the  smaller  sabot  impacted  the  target.  In  round  13,  a 
twenty-four  inch  long  final  launch  tube  was  used  to  extract  some 
of  the  additional  energy  from  the  C-k  gas.  As  can  be  seen  from 
comparison  with  round  12,  an  additional  increase  of  approximately 
2b00  fps  was  obtained,  apparently  due  to  work  done  by  this 
expanding  gas*  In  this  test  the  small  sabot  was  observed  to  be 
in  two  pieces  which  impacted  the  target  almost  simultaneously. 

Conclusions 

Tests  have  conclusively  demonstrated  tbs  usefulness  of  a  convergent 
section  in  the  launch  tube  of  a  light  gas  gun  to  deform  a  plastic 
sabot  so  as  to  further  accelerate  a  hypervelocity  projectile 

carried  by  the  sabot.  This  technique  is  especially  attractive 
since  it  tends  to  increase  velocity  by  an  amount  independent  of 
the  initial  value  of  the  hypervelocity. 
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16,000  _ 


14,000 


12,000 


n  =  2 

'Eq.  13 


a,  000 


^  6,000 


4,000 


2,000 


PHYSICAL  CONSTANTS 

K»=  7*5  x  10  5  PS  I 
^  1.0  x  10“4  LB-SEC V:CN^ 
■y  =  0,4 

E  »  4.5  x  10 5  psi 


EXPERIMEHTAL  DATA 

O  -  TAN  0  -  0.031 

+  -  TAN  S  -  0.052 
V0  «  15,000  FPS 
B  -  0.300  HI, 


Increase  in  Velocity  ISTv] 
clue  to  the  pfiinagc  thru  a 
convergent  section  as  a 
faction  of  fchr  diameter 

ratio 
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TABLE  X 

RESULTS  OF  TESTS  WITH  THIRD  STAGE  ACCELERATOR; 

Final 


Round 

Tan  © 

d  (in.) 

Velocity 

(f.£.S._) 

AV 

...  (f.p.s.) 

1 

0.031 

.125 

23,800 

8,800 

2 

it 

.125 

21,400 

6,4oo 

3 

i» 

.187 

19,500 

4,500 

4 

u 

.1R7 

19,250 

4,250 

5 

11 

.187 

19,700 

4,700 

6 

n 

.187 

19,800 

4,800 

7 

ti 

.300 

15,000 

-- 

8 

0.052 

.125 

25,000 

10,000 

9 

11 

•  125 

26,000 

11,000 

10 

•' 

.187 

20,250 

5,250 

11 

it 

.187 

19,300 

4,300 

12 

u 

.?17 

17,600 

2,600 

13 

11 

.217 

20,000 

5,000 

Remarks 


Accelerator  Damaged 
by  Previous  Test 


Sabot  Loaded  with 
C-4  Explosive 

Sabot  Loaded  with 
C-4  Explosive 

Control  Test 

(V0  =  15000  f.p.o.) 


Sabot  Loaded  with 
C-4  Explosive.  Final 
Launch  Tube  24"  Long 
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During  feasibility  analyses,  momentum  loss  in  the  convergent 
section  has  been  neglected;  the  projectile  mass  has  been  ignored 
and  an  assumption  has  been  made  that  the  length  of  the  projectile 
does  not  change  while  passing  through  the  convergent  section. 
Internal  dynamic  effects  within  the  deforming  sabot  are  not 
considered. 

Momentum  loss  was  shown  to  be  relatively  insignificant;  however, 
other  assumptions  and  neglected  effects  are  not  so  readily 
defended.  Even  so,  it  appears  that  an  equation  of  the  form  of 
equation  (13)  will  be  useful  in  the  design  of  sabots  and  tapers 
and  for  the  correlation  of  data. 
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ABSTRACT 

A  magnetohydrodynamic  hypervelocity  projector  system  is  described 
which  is  potentially  capable  of  accelerating  a  0.1  gm  mass  to  a 
velocity  of  27  kilometers/second ,  The  energy  for  compressing  the 
accelerating  magnetic  field  to  megagauss  values  is  derived  from  high 
explosives.  A  containment  tank  is  included  in  the  system  so  that  the 
explosive  can  be  detonated  in  a  regular  laboratory  building.  Theo¬ 
retical  and  experimental  work  has  been  done,  and  9.5  kilometers/ 
second  has  been  achieved  to  date. 


The  Magneto  hydrodynamic  Hypervelocity  Gun 

R.  L.  Chapman,  D*  E,  Harms,  and  G.  P.  Sorenson 

MB  Associates 
Walnut  Creek,  California 


Introduction 

In  order  to  properly  simulate  the  effects  of  micrometeorite  bombardment  in  the  labor¬ 
atory,  different  acceleration  techniques  than  those  currently  operational  are  required* 
This  paper  describes  a  magnetohydrodynamic  hypervelocity  gun  system  capable  of  ac¬ 
celerating  projectile  masses  up  to  0.1  gm  to  velocities  up  to  27  kilometers  per  second. 

The  accelerating  force  is  provided  by  the  Bv8f r  pressure  of  a  magnetic  field  which  is 
compressed  to  megagauss  values  by  an  explosively  driven  conductor.  The  system  in¬ 
cludes  a  containment  tank  so  that  high  explosives  may  be  fired  In  the  laboratory  and  a 
condenser  bank  for  providing  the  energizing  magnetic  field.  Experimental  work  to 
date  has  been  encouraging,  and  a  total  mass  of  0.21  gm  has  been  accelerated  to  9,5 
kilometers  per  second. 

Desuiption  of  Operation 

A  diagram  of  the  velocity  amplifier  system  utilizing  electrochemical  propulsion  is 
shown  in  Figure  1.  In  tho  diagram  are  shown  the  magnetoliydrodynamic  compression 
loop  called  the  "transducer  loop";  the  launch  tube  with  sabot  and  projectile  in  place; 
the  coils  which  provide  the  initial  magnetic  field;  the  explosive  charge  with  a  line 
wave  generator  for  uniform  initiation  of  the  explosive;  and  the  piston  which  compresses 
the  magnetic  field  by  convergence  towards  the  launch  tube  comer  of  the  loop.  The 
operation  of  the  system  is  as  follows: 

The  condenser  bank  is  discharged  into  the  coils.  The  detonator  which  starts  the  line 
wave  generator  is  fired  at  such  a  time  that  when  the  explosive  has  sheared  off  the 
piston,  thus  closing  the  loop,  the  current  from  the  condenser  bank  has  reached  Its  peak 
discharge.  Thus  the  maximum  possible  magnetic  field  is  trapped.  This  time  is  typic¬ 
ally  50/* s.  The  average  peak  fields  in  the  center  of  the  loop  are  between  35  and  70 
kilogausb,  depending  on  the  experiment.  The  sabot  region  is  shaped  to  increase  the 
current  density,  so  that  the  Field  strength  there  can  be  as  high  as  200  kilogauss.  As 
the  piston  continues  to  move  inward  at  the  velocity  of  approximately  4  rnm/microsecond, 
the  magnetic  field  is  compressed  to  high  density  and  the  resulting  mechanical  pressure 
on  the  back  of  the  sabot  accelerates  it  down  the  launch  tube.  Acceleration  timet  are 
generally  several  tens  of  microseconds,  and  magnetic  fields  of  a  few  megagauss  are 
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reached.  The  peak  pressure  is  of  the  order  of  5  million  psi .  Up  to  500  grams  of  com¬ 
position  C-3  explosive  are  used.  Five  hundred  grams  of  composition  C-3  has  a  stored 
chemical  energy  of  about  2.5  megajoules.  This  energy  is  extracted  from  the  explosive 
by  the  performance  of  PdV  work  on  the  magnetic  field. 

Analysis 


The  magnetic  energy  of  the  system  is  given  by  Wm  where 

Wm=/PdV=TL|2  0) 

L  =  inductance  of  circuit 
I  =  current 

V  =  volume  of  magnetic  field 

P  ~  pressure  of  magnetic  field  (H  /Rw  dynes/ cm^) 


Due  to  volume  compression, 


work  is  done  on  the  field,  and  for  adiabatic  compression 


i-  W  -  -  /  P?  ■  dS 
dt  m  ^ 

where 

v  *"  velocity  of  compressing  conductor 
A  ~  cross  sectional  area 


(2) 


Equations  (1)  and  (2)  combine  to  yield 

IF  (U)  =  0 

or 

L I  «  constant 


which  is  merely  the  conservation  of  flux  In  a  lossless  magnetic  system, 


where 


LI 


=  magnetic  flux 


(3) 


Since  the  circuit  has  resistance/  there  are  losses  and  Klrchoff's  law  applies.  Thus, 
the  sum  of  the  voltages  around  the  circuit  must  be  zero,  or,  from  Faraday's  Law  and 
Ohm's  law. 


+  Rl  =  0 


(4) 


^  1 
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which,  in  an  elementary  form,  is  the  idealized  circuit  equation  for  a  closed  flux  con¬ 
taining  loop  with  moving  boundaries. 

Substituting  Equation  (3)  into  Equation  (4),  we  have 


Thus,  1  increases  essentially  linearly  with  decreasing  L  if  the  collapse  time  of  the 
system  t  =  L/R.  The  magnetic  energy  of  the  system  Wm  =  1/2  LI2  will  then 
increase  exponentially. 


from  this  expression,  the  current  can  be  calculated  for  any  loop  motion  once  the  in¬ 
ductance  and  resistance  are  known.  The  exponential  term  in  Equation  (6)  is  the  loss 
lerm  due  lo  resistance  heating  of  the  conductor.  This  heating  causes  a  corresponding 
Increase  of  resistance,  thereby  loss  of  magnetic  field.  In  equation  form  the  heating 
is  given  by 

7  J^dt  -  y  cd  T  (7) 

where 


f  =  resistivity 

J  =  current  density 

=  mass  density 
c  =  specific  heat 
dT  temperature  change 

Using  the  approximation  that  ?  =  ^  (good  far  most  metals  up  to  the  melting 

point),  the  terms  in  Equation  (7)  can  be  rearranged  to  give 


dT  =  ?  o 

T  cT0 

which  hoi  th*  solution 


J2d  t 


In  T/t  =  k  /j2d  t 


(8) 
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where  k  -  c|  (k  is  nearly  constant  for  most  metals  up  to  the  melting  point) 
*  o 

Equaiions  (6)  and  (8)  can  be  used  in  an  iterative  process  to  calculate  the  performance 
of  the  magnetohydrodynamic  hypervelocity  gun. 


Once  the  sabot  begins  to  move,  a  correction  must  be  applied  to  the  inductance  pro¬ 
file,  which  includes  the  inductance  added  by  the  sabot  motion.  Also,  deceleration 
of  the  piston  due  to  magnetic  field  pressure  must  be  accounted  for.  Because  the  loop 
is  a  converjing  system,  and  the  sectional  density  of  the  piston  increases  as  it  travels, 
this  effect  is  not  serious.  Although  the  temperature  of  the  sabot  rises  to  large  values, 
it  can  be  shown  from  the  equation  of  thermal  conduction  that  in  the  times  involved, 
the  temperature  increase  of  the  projectile  is  only  a  few  degrees. 


Numerous  combinations  of  parameters  were  calculated  to  determine  theoretical  feas¬ 
ibility  of  the  magnetohydrodynamic  hypervelocity  gun.  These  were  done  not  only  for 
the  converging  system  just  described,  but  also  for  loops  of  rectangular  shape.  Although 
a  satisfactory  combination  of  parameters  was  found  for  the  rectangular  loop  system,  It 
is  generally  conceded  that  the  converging  system  offers  the  greatest  potential  of  reach¬ 
ing  high  velocity.  This  is  primarily  because  piston  deceleration  in  the  converging  luup 
is  much  less  than  in  the  rectangular  loop,  thus  higher  peak  field  strengths  are  attaina¬ 
ble.  The  converging  loops  which  have  been  used  have  an  arc  radius  of  12  cm  and  a 
piston  thickness  of  2  mm,  and  contain  500  gm  of  explosive.  The  calculated  profile  of 
Magnetic  Field  Strength  vs.  Time  is  shown  in  Figure  2a.  Figure  2b  is  the  calculated 
Projectile  Velocity  vs.  Time  for  an  accelerated  mass  area  density  of  0.5  gm/cmA 


Design 


Engineering  design  of  the  hypcrvelocity  gun  system  is  based  primarily  on  hydrodynamic 
considerations.  A  photograph  of  the  assembly  is  shown  in  Figure  3.  The  material  used 
in  loop  and  launch  rail  construction  is  copper.  The  design  must  provide  tor  proper 
shearing  of  the  copper  piston,  and  good  initial  contact  when  the  piston  shears  off  and 
closes  the  circuit.  Because  of  the  thickening  action  of  the  piston,  It  is  necessary  to 
enclose  the  loop  with  side  pieces  of  a  relatively  high  density  material  which  Is  alsonon- 
conductive.  Epoxy  loaded  with  lead  powder  has  been  used  for  this  and  for  tamping  of 
the  explosive  charge.  An  explosive  efficiency  of  20%  is  desired,  so  that  400  to  500 
kilojoules  of  energy  will  be  available  to  the  sabot  and  projectile.  This  has  been  achiev¬ 
ed  in  the  laboratory. 

Description  of  Experimental  Facility 

A  steel  containment  tank  was  designed  so  that  the  explosive  could  be  fired  in  a  build¬ 
ing  which  Is  located  In  a  populated  area.  This  tank  is  shown  In  Figure  4,  it  Is  o  cyl¬ 
inder  three  feet  In  diameter  and  has  a  wall  thickness  of  3/4  inch.  One  end  of  the  tank 
Is  a  one  Inch  thick  dome  from  which  the  evacuated  barrel  and  target  chamber  projects. 
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MAGNETIC  FIELD  STRENGTH  PROJECTILE  VELOCITY  vs.  TIME 

AT  SABOT  vs.  TIME 


MAGNETOHYDRODYNAMIC  HYPERVELOCITY  GUN  ASSEMBLY 


EXPLOSION  CONTAINMENT  TANK 
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The  other  end  is  a  two  inch  thick  steel  door  which  Is  attached  to  the  tank  by  a  ring 
of  close  spaced  one  inch  diameter  bolts.  The  overall  length  of  the  tank  is  five  feet. 
Inside  the  tank  are  a  1/4  inch  thick  shrapnel  liner  and  wood  staves  for  slowing  the 
high  velocity  fragments  which  result  from  the  explosion.  Instrumentation  cables  are 
lead  out  through  a  port  in  the  side  of  the  tank  and  the  energizing  current  for  the  ini¬ 
tial  magnetic  He'd  is  lead  in  through  another  port.  A  30  kilojoule  condenser  bank 
provides  the  currenl  for  the  initial  magnetic  field,  Figure  5  is  a  plan  view  drawing 
of  the  experimental  facility.  The  tank  and  the  condenser  bank  are  enclosed  in  a  con¬ 
crete  block  room.  Outside  the  room  is  a  barrier  wall  with  the  control  station  on  the 
other  side.  A  single  rack  cabinet  houses  the  condenser  bank  charging  and  control 
equipment  vacuum  control,  and  timing  and  firing  systems.  Instrumentation  and  other 
items  of  electronic  equipment  are  housed  in  the  additional  racks.  Mechanical  and 
electronic  sequence  timers  automatically  operate  all  functions  of  an  experiment  from 
the  closure  of  a  single  remotely  located  switch. 

Results  of  Experiment's 


Fifteen  experiments  hove  been  conducted  so  Far  in  the  program.  Several  of  these  were 
designed  to  check  I  he  I  booty.  Others  wctc  designed  to  achieve  o  particle  impact  on 
a  target.  Some  hove  suffered  from  malfunctions  of  instrumentation  or  other  equipment, 
or  failure  to  trap  the  initial  magnetic  field. 

An  important  measurement  was  the  velocity  of  I  ho  piston.  This  war.  necessary  to  con¬ 
firm  the  predicted  explosive  energy  to  piston  kinetic  energy  efficiency.  Figure  6  is  n 
plot  of  Piston  Position  vs,  Time  as  measured  in  a  typical  experiment.  This  shows  a  ve¬ 
locity  of  4.2  mm/.a  sec  on  a  62.3  gram  piston,  using  500  grams  of  explosive.  The 
measured  efficiency  was  22.3%,  which  compares  well  with  the  predicted  value  of  20%. 

Measurements  of  magnetic  field  strength  and  projectile  velocity  have  also  b>een  made. 
The  maximum  peak  field  which  has  been  achieved  is  2  megagauss  (2,4x10  psi  press¬ 
ure).  The  highest  velocity  which  has  been  reached  is  9.5  kilornctcis/sccond .  This  Is 
shown  in  Figure  7,  which  is  a  plot  of  Projectile  Position  vs.  Timo  as  measured  in  that 
experiment.  The  peak  acceleration  measured  from  this  curve  was  132  mega  g, 

The  experiments  at  high  velocities  have  suffered  from  fragmentation  of  the  projectile, 
possibly  because  of  acceleration  forces,  but  most  probably  because  of  the  method  of 
velocity  instrumentation  then  used,  A  number  of  lower  energy  shots  were  fired  to  show 
that  single  particle  impact  could  be  attained  by  this  acceleration  method.  These  ex¬ 
periments  were  successful  and  craters  have  been  produced  in  aluminum  targets  from 
three  shots  *  Diagnostics  have  been  minimal  and  additional  equipment  is  now  being 
acquired.  Future  experimental  work  will  be  detailed  rather  than  exploratory  in  nature. 
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The  results  of  the  experiments  fired  to  date  are  encouraging.  It  is  reasonable  to  be¬ 
lieve  that  the  desired  objectives  will  be  obtained.  Sabot  heating  and  acceleration 
forces  are  serious,  but  not  insoluble,  problems.  The  current  experimental  program 
concerns  the  acceleration  of  small  single  particle  projectiles  (of  the  order  of  10  mg) 
with  average  accelerations  of  about  20  mega  cj's. 
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abstract 

In  order  to  predict  damage  effects  from  impacts  ori  space 
vehicles,  a  projection  device  capable  of  producing  realistic 
mass  and  velocity  levels  is  required.  To  achieve  the  more  realistic 
impact  conditions,  an  explosive  projection  device  was  developed 
at  the  BRL  that  utilizes  the  Jet-forming  properties  of  shaped  charges. 
This  device  has  been  named  the  Inhibited  Jet  Charge  and  Is  basically 
a  shaped  charge  in  which  the  conventional  non -steady  state  Jet  is 
Inhibited  such  that  only  the  leading  particle  is  permitted  tc  strike 
the  target. 

Iiti  application  oi  known  prluv^.ipIi-0  ul  Jhapc.il  cuarge  cum*  angle 
geometry  ami  ul’  sealing  laws,  Inhibited  Jet  charges!  have  been  deve  ..opt 
that  project  aluminum  pellets  oi  musses  ranging  L'x’om  0,p  gram  to  j>U 
grams  ut  velocities  raiding  from  ‘‘(.b  km/nne  to  .1.1*7  km/nee,  pellet 
masses  of  several  hundred  grams  ure  considered  feasible  with  this 
device.  Also  preliminary  tests  have  indicated  that  copper  and  steel 
pellets  can  also  be  provided. 
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I .  INTRODUCTION 

The  development  of  explosive  projection  techniques  is  continu¬ 
ing  at  the  Ballistic  Research  Laboratories  to  provide  more  realistic 

1  2 

impact  conditions  for  hypervelocity  studies.  In  earlier  studies  } 
such  designs  as  the  straight -ended  and  air -cavity  charges  were  found 
inadequate  for  providing  the  mass  and  velocity  necessary  for  certain 
aspects  of  hypervelocity  research.  To  achieve  more  realistic  impact 
conditions,  the  explosive  projection  techniques  under  current  develop¬ 
ment  exploit  the  high  velocity  Jct-formlng  properties  of  shaped 
charger. . 

Out;  shaped  charge  l.ucimlque  with  the  potential  fur  high  mass- 
velocity  projection  is  the  inhibited  collapse  charge .  This  principle 

3 

was  first  studied  by  a  group  ut  CIT  in  .  In  the  early  studies, 

attempts  were  made  to  Isolate  a  single  Jet  particle  by  use  of  an 

inert  plug  placed  within  the  conical  liner*  The  plug  was  intended 

to  allow  the  upper  portion  of  the  liner  to  form  a  conventional  jet 

while  inhibiting  collapse  of  the  remainder  of  the  liner. 

A  single  particle  however  was  never  achieved,  however.  In  subso¬ 
il 

quent  work  at  BRL,  Zernow  recognized  the  value  of  an  inhibited  jet 

pellet  for  hypervelocity  application.  Although  several  promising 
approaches  were  tried,  a  fully  successful  charge  design  was  not 
evolved. 


The  success  of  the  present  inhibited- jet  design  was  made  possible 
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in  part  by  additional  knowledge  of  the  jet-formation  process 
attained  from  shaped  charge  research  based  on  radioactive  tracer 
studies'^.  From  these  studies >  it  has  been  possible  to  identify 
various  portions  of  the  liner  as  the  sources  of  corresponding  Jet 
elements.  The  studies  indicated  that,  for  an  unconfineo.  charge, 
almost  ninety  percent  of  the  effective  armor  penetration  is  pro¬ 
vided  by  the  lover  half  of  the  liner.  The  area  of  the  cone  for 

which  the  collapse  must  be  inhibited  was  thus  more  clearly  defined 

# 

and  a  workable  inhibited  jet  charge  was  designed  ♦  The  charge 
design  was  useiL  in  studies  lu  <W_'U-rinUu  Uu;  mass  velocity  combi um- 
lions,  that  can  be  off  no Lively  produced.  Application  of  known 
pH  tv  l  p  Ins  mT  shaped -charge  cone  angle  geometry  and  of  linear  sciU.J.ni 
laws  lias  yielded  results  consistent  with  predictions*  Preliminary 
results  have  boon  obtained  Indicating  the  feasibility  of  using 
various  liner  materials  as  the  source  of  pellets. 

II.  BASIC  CHARGE  DESIGN 

The  basic  inhibited  charge  design  is  shown  In  Figure  1.  The 
special  spit -back  tube  aluminum  liner  has  the  advantage  of  producliMj 

a  Jet  with  a  massive  symmetrical  leading  particle.  The  jet  is 

shown  in  Figure  2*  The  radiograph  shows  the  Jet  tip  after  approxi¬ 
mately  42  inches  of  travel  indicating  that  symmetry  is  maintained 


*  BRL  report  being  prepared 
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over  on  appreciable  distance  of  travel.  The  entire  leading  particle 
of  the  jet  or  a  portion  of  the  leading  particle  can  be  Isolated 
from  the  jet  by  an  appropriately  designed  lucite  riiig  or  inhibitor. 

The  ring  is  inserted  at  the  base  of  liner  as  shown  in  Figure  1. 

The  inhibitor  controls  the  collapse  of  the  liner  such  that  only  the 
front  portion  of  the  jet  is  formed.  Also  by  use  or  a  suitable  size 
hole  in  the  .Lucite  ring,  a  preselected  portion  of  the  Jet  can  be 
obtained.  The  length  of  the  leading  particle,  however,  is  more 
easily  controlled  by  varying  the  height  of  the  Inhibitor  and  main¬ 
taining  a  constant  hole  diameter.  The  or  ml -circular  increment  ol‘ 
explosive  located  at  the  base  ol'  the  main  charge  (Figure  l)  is  used 
to  deflect  slug  material  formed  by  the  upper  liner  wail.  T!w'  cl  Mgr 
shown  Ln  Figure  j  have  an  estimated  velocity  ol*  .1 ..  \)  anti.  1.0  kin/ inn:. 

In  target  Impact  studios,  the  Jet  is  aJ.lowed  to  pass  through  u 
hole  in  a  baffle  plate  designed  to  absorb  the  impacts  of  the  deflected 
slugs.  As  Indicated  earlier,  the  length  of  the  leading  jet  particle 
car.  be  controlled  by  varying  inhibitor  height.  The  degree  of  con- 
troll  is  illustrated  in  Figure  which  shows  the  leading  Jet  particles 
obtained  with  inhibitor  heights  ranging  from  1.0  to  1075  inches. 

The  1,25  inch  Inhibitor  height  has  been  incorporated  in  the  standard 
design* 

Other  factors  that  influence  the  length  of  the  leading  particle 

are  ablation  and  an  apparent  reverse  velocity  gradient  (decrease  in 
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velocity  from  tip  to  back).  The  gradient  is  suggested  by  the  change 
in  pellet  geometry  during  flight  as  shown  in  Figure  %  The  two 
successive  radiographs  cover  a  pellet  travel  distance  of  17  inches* 

The  increase  in  pellet  diameter  coinciding  with  a  reduction  in 
length  suggests  the  presence  of  a  reverse  velocity  gradient.  Ablation , 
of  course,  is  a  primary  cause  of  pellet  shortening.  As  a  consequence 
of  velocity  gradients  and  ablation  the  pellet  aspect  ratio  will  vary 
with  target  distance.  With  the  standard  design,  a  target  distance  of 
h2  inches  results  in  a  pellet  with  an  aspect  ratio  of  approximately 
2.5.  The  mass  of  the  pellet  is  3»7  grams  and  the  average  velocity 
is  9.6  km/sec. 
ill.  PELUTJC  VELOCITY 

The  velocity  of  the  inhibited- Jet  pellets  can  be  controlled 
over  an  appreciable  range  by  varying  Uih  Hm»r  I’nne  angle-*,  WIimm 
the  angle  :Ls  varied,  the  pellet  geometry  remains  fairly  uniform, 
provided  the  inhibitor  height  Is  adjusted  accordingly.  The  pellet 
velocities  measured  for  different  cone  angles  are  plotted  in  Figure 
O.  The  liner  was  aluminum  of  b'.12C  i..ch  wall  thickness  with  the 
spit-back  tube  configuration  shown  in  Figure  1*  A  constant  explo¬ 
sive  head  of  inches  was  mtuntainc.**  fer  c^l  charges. 

The  pellet  velocity  of  7*6  km/sec  obtained  with  the  60°  liner 
is  not  considered  &  lover  limit j  since  it  appears  feasible  to  ob¬ 
tain  lover  velocities  with  larger  cone  angles*  At  the  upper  velo¬ 
city  extreme,  present  evidence  indicates  that  the  25°  liner  may  be 
a  practical  limit  for  the  present  charge  design.  Tests  conducted 
with  a  20°  liner  produced  the  expected  higher  velocity;  (11*7  km/ 

nee)  however,  a  useable  pellet  was  not  formed  as  Indicated  in 

3  3(> 
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Figure  f.  It  may  be  possible  by  a  suitable  apex  design,  to  exploit 
the  narrow  angle  cones  in  order  to  extend  the  velocity  range. 

IV.  PELLET  MASS 

For  the  velocity  range  shown  in  Figure  0,  the  pellet  mass  can 
be  varied  by  scaling  the  basic  charge  dimensions.  The  jets  produced 
by  half -scale  and  double -scale  models  are  shown  in  Figure  8.  The 
standard  scale  Jet  is  included  for  comparison  and  the  radiographs 
were  taken  at  distances  scaled  for  each  size.  The  expected  velocity 
of  9.6  kin/sec  was  obtained  in  all  cases.  It  is  seen  that  the  leading 
jin-rMi'lnn  linear  Sy  and  Inhibiting  those  jots  w.L.ll  provide 

pellet  manses  ranging  from  0.'^  gram  for  the  half -scale  model  to  *>0 
grams  for  the  double -scale  model#  Pellet  masses  of  Govern!  hundred 
grams  can  be  provided  by  larger  charges. 

V.  PELLET  MATERIAL 

The  charge  designs  considered  up  to  the  present  time  have  been 
those  providing  aluminum  pellets.  Designs  for  projecting  pellets 
of  other  matertnlp  investigated.  Preliminary  tests  with 

copper  and  steel  liners  have  indicated  that  pellets  of  these  materials 

can  be  produced  provided  the  inhibitor  design  is  modified.  Figure  9 

shows  the  copper  and  steel  pellets  .obtained  with  standard  scale 
liners.  (37°  apex  angle,  0.12  in.  wall  thickness).  For  the  pellets 
shown  in  Figure  9,  the  deflector  charge  was  not  used.  A  sketch  of  the 
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modified  inhibitor  design  used  to  obtain  these  pellets  is  in¬ 
cluded  in  the  figure.  The  copper  pellet  has  a  velocity  of  7*5 
km/sec  and  an  estimated  mass  of  2.*i  grams;  the  steel  pellet  a 
velocity  of  7.8  km/sec  and  the  estimated  mass  is  1*2  grams.  It 
is  expected  that  cleaner  pellets  will  be  obtained  when  the  de¬ 
flector  charge  is  used. 

V .  CONCLUSIONS 

It  has  been  shown  that  the  inhibited  jet  charge  is  a  useful 
projection  device  for  hyporvelocity  studies.  Its  potential  for 
pm i»J.!ig  several  |n;JLu;l.  materia.)  s  at  1*  vide  rang/*  of  mass  and 
V'.vl.ocl  ty  Levels  has  been  demonstrated. 

Studies  are  eonLLmiLag  in  order  to  I  m*  reuse  pellet  velocities 
by  liner  geometry  variation.  Also  under  investigation  are  methods 
of  obtaining  the  largo  pellet  masses  from  relatively  smaller  chfu*g< 
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SUMMARY 


j  wo  explosive  nreele  ral  or  technique*'  haw  l>een  developed  lor  gathering 
l»vpe  rvi'liw  il  v  terminal  ballistic  data.  Holli  o)  IbeSc  I  eeli  nirpie  s  are  based 
upon  existing  explosive  phenomenology,  adapted  or  modified  as  necessary 
for  ballistic  studies.  Tlu*  Shaped  Charge  Aeeele  rator  is;  currently  being 
n-^ed  (n  investigate  impaei  phenomena  for  compact  projectile  shapes  im¬ 
pacting  individually  at  velocities  in  the  range  from  50,000  lo  .50,000  lj»s. 
Individual  impacts  are  obtained  by  jel  dispersion  achieved  through  asy¬ 
mmetrical  initiation.  Individual  projectiie  charade  I’ist  ics  ('I’lneity,  shape 
mass,  nrieiitatinn)  are  determined  with  multiple  flash  radiographs  of  the 
projectiles  just  prior  tu  impact.  It  appears  possible  to  launch  Shaped  Char 
Accelerators  with  a  large  light  gas  gun,  such  as  the  8-in.  IZ,  5-in,  Atkins 
cun  at  NRL,  and  thereby  to  achieve*  impact  velocities  in  the  <10  kn  /«<e 
range.  The  Target  Plate  Accelerator  projects  a  flat  plate  which  is  allowed 
to  impact  a  stationary  nprojectile,t  in  its  path.  Damage  to  the  plate  is 
assessed  by  observing  the  plate  in  flight  with  flash  radiographs  subsequent 
lo  impact.  This  technique  provides  a  unique  means  for  studying  impact 
effects  of  fragile  or  sensitive  projectiles.  Current  accelerator  designs 
provide  impact  velocities  up  to  3.5  kni/sec. 
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I.  SHAPED  CHARGE  ACCELERATOR 

At  the  Rand  Symposium  in  1935,  Zernow^^  described  some  methods  by  which 
the  inherent  high  \elocity  features  of  the  explosive  shaped  charge*  might  be 
adapted  to  the  gathering  of  discrete  impact  terminal  ballistic  data,  thereby 
providing  a  technique  for  conducting  investigations  in  a  velocity  regime  2-3 
times  higher  than  was  possible  hy  other  techniques  available  at  that  time. 
Over  the  past  two-three  years,  under  Contracts  AF08 (6 35)- 975  and  AF08 
(h35)-280  9  with  the  Air  Proving  Ground  Center,  Eglin  AFB,  we  have  suc¬ 
cessfully  developed  the  technique,  using  one  of  t lie  methods  suggested,  and 
have  been  utilizing  it  for  terminal  ballistic  studies  in  the  30,  000-39,  000  fps 
range. 

The  basic  shaped  charge  is  normally  a  conical  metal  liner  around  which  a 
cylindrical  explosive  charge  is  cast  or  pressed.  Detonation  is  initiated  at 
the  end  opposite  to  the  conical  cavity.  As  the  detonation  wave  progresses 
down  the  charge,  it  exerts  pressure  on  Ihe  liner,  collapsing  if  to  form  a 
high  speed  jet  and  a  slower  slug  of  the  liner  material.  W  it U  Ihe  normal 
charge  design,  this  jet  flies  out  as  a  plant  ira  lly-deforming  stein  of  metal. 
Upon  impact,  the  jet  causes  the  well-known  deep  penetration  id  targets. 

To  adapt  the  shaped  charge  I  n  Ihe  gathering,  of  single  impact  terminal  bal¬ 
listic  data,  (lie  following  must  be  aecnmpl  lulled: 

a.  the  continuous  jet  musl  be  separated  into  individual  indent  if 'iable 
fragments  or  projectiles  {or,  alle  rn.it  i  ve  ly,  Ihe  rear  of  I  lie  jet 
must  be  i  ill  off,  or  inhibited) 

b.  The  individaul  fragments  must  bo  laterally  dispersed  so  as  to  pro¬ 
duce  separate  impacts  on  the  target,  and 

c.  The  velocity,  mass,  shape,  and  orientation  of  tin?  fragmemts  prior 
to  impact  must  be  determined. 

1.  Axial  Separation 

The  jet  which  is  formed  by  a  conical  shaped  charge  contains  a  velocity 
gradient  due  to  the  non- steady- state  process  by  which  it  is  formed.  The  jet 
therefore  stretches  until  it  breaks  into  fragments.  These  fragments,  or 
projectiles,  continue  to  separate  as  they  fly.  Dispersion  in  an  axial  direc¬ 
tion  is  thereby  achieved.  This  process  is  illustrated  quite  well  in  Figure  1# 
which  shows  a  sequence  of  three  radiographs,  taken  of  an  iron  jet  from  a 
normal  shaped  charge  as  it  elongates,  breaks  up,  and  separates. 


SPECIAL  EXPLOSIVE  PROJECTORS 


2,  Lateral  Separation 

For  targets  at  short  standoff,  the  fragments  such  as  are  shown  in  Figure  1 
will  all  impact  at  nearly  the  same  point.  At  long  standoffs,  the  fragments 
will  gradually  disperse  laterally,  due  to  small  deviation  in  velocity  vectors 
caused  by  the  breakup  process,  The  desired  individual  impacts  can  there¬ 
fore  be  expected  on  targets  at  long  standoffs.  However,  this  is  not  generally 
satisfactory,  first  because  the  evacuated  firing  chamber  size  becomes  too 
great,  and  second,  because  instrumentation  synchronization  problems  in¬ 
crease  at  longer  standoffs. 

As  an  alternative!  we  found  that  asymmetrical  initiation  was  very  effective 
in  causing  lateral  dispersion  of  the  jet  fragments.  Figures  2  and  3  show 
series  of  radiographs  of  asymmetrically-initiated  aluminum  and  copper 
cones*  Note  that  the  emerging  jets  are  distinctly  deflected  from  the  axis 
of  the  charge.  Figure  4  shows  a  group  of  laterally  dispersed  fragments 
in  flight  several  feet  down-range  from  a  shaped  charge  accelerator.  Fig¬ 
ure  5  shows  a  pattern  of  impacts  from  such  a  charge  on  a  target  plate  at 
a  range  of  17  feet  from  the  accelerator.  Several  of  the  holes  are  suf¬ 
ficiently  separated  so  that  they  can  he  considered  as  individual  impacts. 


3.  Projectile  Characteristics 

The  initial  breakup  of  the  jet  occurs  in  a  more  or  Less  random  fashion, 
with  the  gross  characteristics  being  determined  by  the  properties  of  the 
liner  material.  Jets  of  ductile,  face-ccntercd-cubic  metals  such  as 
aluminum  and  copper  fail  by  necking  down  at  frequent  intervals  along  the 
stretching  jet,  The  projectiles  which  result  therefore  tend  to  be  ellip¬ 
soids,  or  short  cylinders  with  rounded  ends.  For  a  given  material,  the 
average  mass  of  the  projectiles  will  be  determined  by  the  cone  angle  and 
thickness  of  the  liner.  The  range  of  masses  and  shapes,  however,  is 
relatively  large,  even  for  the  fragments  in  one  test.  Hence  it  is  manda¬ 
tory  that  the  characteristic s  of  each  projectile  which  is  to  bo  used  in  ob¬ 
taining  an  impact  data  point  must  be  accurately  determined  prior  to 
impact. 

The  projectile  characteristics  of  interest  are  the  velocity,  mass,  shape, 
and  orientation.  High  speed  photography  or  radiography  are  suitable  for 
measuring  these  characteristics. 
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The  framing  camera  has  the  advantage  of  providing  a  large  number  of  ex¬ 
posures  so  that  the  projectile  can  be  recorded  at  several  points  and  the 
impact  itself  can  be  observed.  The  following  factors,  howe\er,  must  be 
considered  if  a  framing  camera  is  lined: 

a.  The  projectiles  must  be  intensely  backlighted 

!>.  To  avoid  Self- luminescence  (from  iuiii/.ciliun  uue  to  ablation) 
the  jet  s  must  be  fired  in  a  very  low  pressure  environment. 

c.  A  continuous  writing  camera  (such  as  the  Beckman  and  Whitley 
Model  192)  must  be  used  in  order  to  avoid  serious  synchroniza¬ 
tion  problems. 

<1.  A  sufficiently  short  exposure  time  must  be  available  to  assure 
a  clear  image  of  projectiles  moving  at  10-15  km/sec.  To 
illustrate  the  magnitude  of  this  problem,  at  12  km/sec,  a 
0,  5-cm  long  projectile  moves  a  distance  approximately  equal 
to  1  f  \  uf  if  y  h*nj'lh  in  0.  I  mit  niM'i  mill.  Tin*  rcMill.ud  pour 
definition  ot  projectile  houml.i  r i c s  would  int  roduce  large  errors 
in  the  determination  of  projectile  mas::. 

The  alternative  i  n  si  r  mnenlal  ion  technique,  multiple  flash  radiograph  Vi 
ueoids  some,  but  not  all,  of  the  framing  camera  problems.  In  our  experi¬ 
ments,  100  kv  Field  Emission  Model  7  30-4-C-2U  Flash  X-Ray  Units  are 
used  to  obtain  shadow- radiographs  of  the  projectile  in  flight.  These  units 
emit  x-rays  over  a  duration  of  approximately  0,  0  1  microseconds.  Al 
each  of  two  stations  uprango  of  the  target,  a  pair  of  x-ray  tubes  are  so 
arranged  as  to  obtain  simultaneous  orthogonal  views  of  the  projectiles. 
Correlation  of  target  holes  or  craters  with  corresponding  x-ray  shadow¬ 
graph  images  is  performed  on  tin*  appu  rat  us  sketched  in  Figure  l>. 

The  shape  and  mass  of  the  individual  projectiles  are  measured  from  the 
four  profile  views  which  are  obtained.  Velocity  is  measured  from  the  dis¬ 
placement  of  each  projectile  which  occurs  during  tlu*  lime  betveen  stations, 
Oreintation  is  observed  on  the  radiographs  taken  closest  to  the  target  just 
prior  to  impact. 

On  the  basis  of  an  error  analysis,  we  believe  that  this  technique  permits 
determination  of  the  mass  of  solid,  simple-shaped  projectiles  to  within 
approximate ly±  10%.  Projectiles  which  are  hollow,  which  have  reentrant 
sections,  or  which  are  otherwise  irregular  in  shape  are  very  difficult  to 
assess  by  this  technique.  We  therefore  examine  the  x-ray  shadowgraphs 
carefully  for  suspicious  density  gradients  or  other  evidences  of  irregu¬ 
larity,  and  discard  such  projectiles. 
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4.  Ove r- All  System 

Figure  7  shows  the  over-all  arrangement  of  our  firing  and  instrumentation 
system*  The  asymmetrically -initialed  charges  arc  fired  through  a  thin 
mylar  diaphragm  into  an  evacuated  chamber.  Preset  timing  triggers  the 
two  x-ray  tubes  at  the  first  instrumentation  station  to  obtain  the  first  or¬ 
thogonal  pair  of  radiographs.  The  tubes  at  I  lie  second  station  (at  the  tar¬ 
get)  are  triggered  either  by  preset  timing  or  by  impart  of  the  fastest  pro¬ 
jectile  on  the  target  surface. 

A  typical  shaped  charge  for  these  experiments  i*>  m'howii  in  Figure  8.  This 
is  a  42°  cone,  which  accelerates  projectiles  to  a  maximum  velocity  of  about 
1  i,  000  fps.  For  velocities  up  to  89*000  fps,  wo  use  a  25°  cone  angle  de¬ 
sign,  Cone  angles  leas  than  2!i°  should  product4  higher  velocities,  but  we 
have  generally  found  that  the  projectiles  which  are  formed  are  not  useful 
trom  a  terminal  ballistic  standpoint.  He  signs  employing  detonation  wave 
shapers  show  the  greatest  promise  for  achieving  higher  velocities  in  the 
f  ul  u  re. 

Figure  9  i  1  UiM  r  at  e  r>  tin  mei'-nll  result:;  which  are  obtained  from  a  suciess- 
fill  ten!  with  this  lerlihiqu'*.  Shown  are  a  pair  ol  orthogonal  views  of  (in1 
pmieetiles  in  flight,  together  with  <lu»  corresponding  impacts  on  lie  target. 

Approximately  7r>%  of  the  tests  performed  will  yield  at  least  one  imparl 
data  point.  This  means  that  the  mass  of  at  least  one  of  the  projectiles 
could  be  confidently  established,  and  that  this  projectile  could  be  corre¬ 
lated  with  a  crater  or  hole  on  the  target  which  is  sufficiently  separated 
from  its  neighbors  to  prevent  significant  interactions. 

u>.  Typical  Data 

To  date,  this  technique  has  been  primarily  utilized  to  study  impact  effects 
tin  ihia  plate  targets.  This  work  is  reported  in  references  2  and  3,  and 
also  in  another  paper  at  this  symposium  Some  experiments  have  also 

been  performed  against  4-inch  thick  aluminum  targets  at  velocities  from 
29,  000-33,  000  fps.  Data  from  these  experiments  are  presented  in  one 
form  in  Figure  10,  where  they  are  compared  with  other  experimental  data 
and  with  Bjork's  theoretical  predictions.  The  observed  scatter  is  primarily 
due  to  the  fact  that  the  data  includes  impacts  of  various  shaped  projectiles 
at  various  orientations. 
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Fig.  8- SHAPED  CHARGE  EXPLOSIVE  PROJECTOR 

EMPLOYING  42°  LINER 
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Figiur*  9«  Orthogonal  X-Ray  View*  and  Target  Photographs 
from  a  Shaped  Charge  Accelerator  Test. 
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fj.  A  Proposed  Method  for  Obtaining  Data  at  20  km/sec 

Despite  the  optimistic  assurances  by  many  at  the  Fifth  Symposium  that 
accelerators  were  available  or  would  be  available  for  obtaining  useful 
impact  data  at  20  km/ sec,  it  now  appears  that  this  velocity  is  far  from 
being  achieved.  Indeed,  no  significant  amount  of  data  is  known  to  be 
available  beyond  that  obtained  with  the  Shaped  Charge  Accelerator  at 
12  km/ sec,  as  reported  in  reference  3.  It  therefore  seems  appropriate 
to  propose  a  promising  means  by  which  large  velocity  increases  can  be 
obtained  through  a  combination  of  two  existing,  proven  accelerators. 

Specifically,  by  a  combination  of  the  shaped  charge  accelerator  and  the 
light  gas  gun,  it  is  believed  that  20  km/ sec  velocities  can  be  achieved. 
The  large  Atkina  light  gas  gun  at  the  Naval  Research  Laboratory'3^, 
which  lias  an  8- inch  pump  tube  and  a  2.  5  or  3-inch  launch  tube,  could 
possibly  be  used  to  accelerate  shaped  charges  to  velocities  of  20,  000- 
25,  000  fps.  Subsequent  to  leaving  the  launch  tube  muz/.lc,  the  ehrvgi- 
would  he  elcctrimllv  initiated,  functioning  during  free  flight  in  Ihc  same 
manner  as  described  previously. 

Atkins^*1)  estimates  lh.it  I  he  gun  will  accelerate  200  grams  to  28  000  fps, 
or  101)  grams  to  2  1,000  fps,  or  000  grams  to  20,000  fps,  Our  current 
shaped  charge  accelerator  designs,  such  as  is  shown  in  Figure  8,  lunr 
an  over-all  weight  of  approximately  500  grams.  We  have  never  sought 
lo  flee  Pease  this  sveiglu,  but  we  believe*  that  both  the  com*  and  explosive 
dimensions  can  be  reduced  substantially.  For  gun  launching  the  explo¬ 
sive  would  be  contained  in  a  metal  cup  with  a  heavy  base.  The  initiating 
system  would  be  contained  in  the  base*  An  external  energy  source  would 
fire  the  initiator  after  the  charge  left  the  launch  tube  muzzle. 

The  mass  per  unit  area  for  a  2.5-inch  launch  tube  is  6*  3  gms/cti/  for  a 
200  gram  projectile,  and  12.  6  and  18.  9  gm/err/  respectively  for  400  and 
000  gram  projectiles.  Certainly  18.9  gni/ciii  appears  high  enough  for 
the  liner,  explosive,  and  base  of  a  well-designed  shaped  charge.  Also 
of  importance  will  be  the  maximum  pressure  in  the  column  of  explosive. 
Assuming  a  maximum  acceleration  of  10^g,  the  base  pressure  in  a  10- 
cm  long  column  of  explosive  pshing  ahead  of  it  a  0.  5-cm  thick  layer  of 
aluminum  liner  will  be  16  kilobars.  A  pressed,  laterally-contained  ex¬ 
plosive  with  no  voids  should  be  able  to  withstand  such  an  acceleration 
pressure. 
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r]  o  assc-sH  the  teas  ibi lily  of  this  combination,  a  design  study  should  be 
iv?d(.  ot  the  techniques  required  for  initiation,  baffling,  fragmentation 
shielding,  and  instrumentation  In  addition,  the  ability  of  explosives  to 
withstand  extreme  acceleration  should  be  assessed  with  relatively  small 
quantities  of  explosives  launched  *-i  smaller  guns. 


II.  PLATE  ACCELERATION  TECHNIQUE 

The  acceleration  of  flat  plates  has  been  developed  by  in* estimator s  Cur  tiu 
purpose  of  introducing  strong,  planar  shock  waves  in  various  materials  to 
permit  determination  of  dynamic  compressibilities  (i.  e,  Hugoniot  equa- 
t ions-of- state).  Under  ARPA  Order  149  and  Contract  AF08{635)-  1382 
with  the  Weapons  Laboratory,  Eglin  AFB,  we  have  adapted  this  technique 
to  terminal  ballistic  studies  by  suspending  stationary  projectiles  in  the 
path  of  tlie  flying  plate. 

The  general  technique  is  illustrated  by  the  schematic  shown  in  Figure  11. 

1  he  plate  to  be  accelerated  is  placed  in  contact  with  a  slab  ol  explosive. 

Tin  H  MViilnvi  vi>  in  ( he  n  initiated  along  one  edge  with  a  line  wave  generator. 

Ah  the  detonation  front  progresses  in  a  straight  lint  down  the  .slab  of  ex¬ 
plosive,  the  target  plate  is  folded  off,  eventually  reaching  a  flat  config¬ 
uration  \vlu*n  th  >  entire  slab  has  detonated.  Due  to  edgi  effects,  I  lie  plate 
will  not  he  perfectly  ila!,  hut  a  large  central  area  of  tin*  plate  is  sul  I  ici  rnl  )y 
flat  to  permit  the  gathering  of  useful  terminal  ballistic  data.  We  achieve 
•»*■  !oc  il  ie  ?»  up  to  ahoul  3,  r»  km/ sec  using  this  technique. 

At  these  velocities,  recovery  of  the  intact  plates  becomes  impractical, 
since  the  decelerating  forces  destroy  the  plates.  The  area  of  the  hole 
which  a  projectile  will  make  in  the  plate ,  however,  can  In*  determined 
by  high  speed  photographic  or  radiographic  observation  ol  the  plate  in 
flight  immediately  after  impact.  We  have  found  either  the  300  kv  or 
n()0  kv  Field  Emission  units  (Model  PS-  ^00-  I  000-0,  1*>  or  Model  PS- 
*•00-2000-0.  2-  1  200) t n  be  suitable  for  this  purpose.  The  experimental 
setup  is  shown  in  Figure  12. 

Figure  13  shows  a  6-in.  x  6-in.  target  plate  in  flight  shortly  after  accel¬ 
eration.  The  flat  center  area  is  apparent  from  this  radiograph.  Figure 
14  shows  a  plate  after  impact  with  a  3/8-in.  dia  x  1/8-in.  titanium  disc. 
The  hole  dimensions  are  distinctly  shown.  Residual  fragments  from  the 
titanium  disc  are  also  evident. 
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FOLDING  OFF  OF  ACCELERATING  PLATE 


Fig  II -TARGET  PLATE  ACCELERATOR 
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Fig.  !2-  INSTRUMENTATION  ARRANGEMENT  FOR  TARGET 
PLATE  ACCELERATOR  EXPERIMENTS 
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Acceleration  e,  a  target  piale  against  a  sialiun  irv  projccti Lt*  rt'prr sent s , 
of  t -our st*,  a  reversal  of  tli l*  nornial  coo«'dinati  «  for  laboratory  imparl 
studies.  This  revers;  1  in  no  way  affects  tin*  basic  impact  physics.  There 
arc  some  side  effects,  however,  which  must  l>e  consul**  red  in  evaluating 
the  validity  of  the  technique.  The  effects  involve  tiie  alteration  of  the 
pi. ite  properties  during  acceleration,  .anti  ihe  build  up  of  an  air  eusliion 
in  front  of  the  plate  as  it  travels  through  the  air. 

The  fold-off  of  the  plate  during  acceleration  involves  high  strain  rate 
plastic  deformation.  Subsequent  flash  radiographs  show  whether  the 
plate  is  fractured  as  a  result  ot  this  deformation.  To  minimi/, e  v'ork 
hardening,  we  use  plates  of  maximum  haialm  ss,  i.  e.  aluminum  i  i  a 
T-b  condition. 

The  air  layer  which  builds  up  on  the  fata*  of  target  plate  may  slightly  cus¬ 
hion  the  impact  with  the  stationary  projectile.  This  effect  is  nnl  believed 
to  be  loo  important;  however,  ii  can  be  avoided  altogether  by  performing 
experiments  in  an  evacuated  chamber. 

Tn  I  r  ••  I  I  In*  validity  n  f  i 1*  •  » ,  ■  .•  l»  » /  j  ,  e  \ pr  i  ; ;  i  .1  *. !  .*  !  i .« \  *  been  pi  *  ii  o  i‘  1 1  let  j  in 
which  results  obtained  by  firing  projectiles  from  a  light  gas  jinn  into  a 
st  al  ion.i  ry  larj'.rl  plate  are  (  oinpa  red  with  identical  projectiles  imparled 
at  Inc  same  ‘elm  iiy  by  lh«*  ft*,  in;;  pi. lie*  Tin  .a  ex  pe  i  ii.ienl  s  showed  Hull 
(lie  same  hole  are. is  ;iie  piudmed  in  both  situations.  In  addition  to  these 
lompar.Pive  e \p<- r i meiit  s  flying  plait’s  whit  h  had  been  projected  and  im¬ 
pacted  al  lower  velocities  have  been  retovered  intact;  it  was  found  lh  il 
the  hole  sizes  111  *  1 1  •  •  recovered  plates  matched  the  sizes  as  determined 
by  flash  radiography. 

Primary  applications  of  tie*  flying  plate  technique  have  been  for  evaluating 
effects  of  unusual  projectiles  impacting  on  linn  target  plates  m  the  range 
around  .?».  S  km/ sec.  Papers  describing  some  of  these  results  arc  being 
pi*i  sented  at  Ihis  symposium  for  long- rods,  thin  sheets,  and  washers*'*' 
and  for  hollow  spheres^).  These  are  all  shapes  which  art*  difficult  or 
impractical  to  launch  using  guns  or  oilier  explosive  techniques.  It  has 
been  possible,  for  example,  to  examine  the  impact  effects  of  very  thin 
metal  sheets  or  foils,  and  projectiles  consisting  of  bare  high  explosives. 
In  addition  to  such  applications  to  fragile  or  sensitive  explosives,  the 
technique  is  also  applicable  to  large  projectiles  of  any  type. 
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A  modification  of  ih  •  technique  pvrmitK  extension  of  the  attaina 
rn;iinr,  This  n  ioditic  .:it  ion  consists  ol*  a  collate  rf  i  r  i  nj;  arrange! 
which  tin*  target  plate  is  projected  towards  another  type  of  accc 
mu  h  as  a  uas  i^un  or  explosive  cavity  charge.  In  this  manner, 
\.  incily  is  the  combined  velocity  of  both  accelerators.  We  hav 
:tii  s  technique  with  tin*  explosive  cavity  charge  to  attain  impact 
Up  In  H  km  /  sit. 


hie  velocity 
in*  lit,  in 
■  leralo  r , 
l tie  impact 
e  utilised 
\  e  Inc  it  i  c  s 
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SUMMARY  REMARKS 
By 

H.F.  Swift 


Imposing  arrays  of  hypervelocity  accelerator  tech¬ 
niques  are  presently  at  tne  disposal  of  terminal  ballistic 
research  workers.  Three  basic  groupings  of  hypervelocity 
accelerators  (light-gas  guns,  explosive  accelerators  and 
special  accelerators)  have  been  significantly  developed 
during  the  past  18  months  and  are  now  largely  complementary. 

Gas  guns  have  proven  useful  where  precise  control  of  ballistic 
parameters  such  as  model  shape,  mass,  velocity,  and  possibly 
orientation  are  required.  Explosive  accelerators  are  most 
applicable  to  studies  where  large  numbers  of  firings  must  be 
made  at  velocities  below  10  km/sec  and  are  the  only  accelerators 
currently  available  for  launching  macroparticles  at  velocities 
above  10  km/sec.  The  special  accelerators  have  found  use  in 
launching  projectiles  of  extreme  shapes  and  sizes  such  as 
Lhin  plates  and  microparticles,  and  son1?,  may  become  important 
for  more  general  applications  in  the  future. 

The  performance  requirements  placed  upon  light-gas 
guns  can  only  be  met  by  launching  saboted  models.  The 
increase  in  sabo t- launching  capability  during  the  past 
18  months  has  been  greater  than  any  other  similar  period  in 
the  past.  This  increase  is  particularly  striking  in  view 
of  the  fact  that  no  significant  increase  in  maximum  gun 
velocity  has  been  reported  during  the  same  period.  At 
present,  small  glass  and  plastic  spheres  may  be  launched  at 
9.5  km/sec,  3tnall  steel  and  copper  spheres  (l/8n  dia) 
can  be  fired  at  8.25  km/sec  and  larger  steel  spheres 
(1/411  dia)  can  be  accelerated  to  7.75  km/sec.  These  per¬ 
formance  capabilities  have  been  brought  about  largely  by 
developing  techniques  for  launching  saboted  packages  at 
the  peak  velocity-mass  capabilities  of  various  gas  guns. 

Careful  sabot  design,  empirical  optimization  of  firing 
parameters  and  the  application  of  realistic  gun  operation 
theories  have  been  responsible  for  these  developments. 
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Present  computational  techniques  appear  to  be  capable 
of  determining  the  optimum  firing  parameters  of  most 
current  light-gas  guns  and  are  also  useful  for  the  design 
of  new  guns  that  use  relatively  familiar  modes  of  operation. 
They  are  not  sufficiently  reliable  in  their  present  form 
to  use  as  the  sole  justification  for  acceptance  or  re¬ 
jection  of  new  gun  design  concepts.  Studies  have  demon¬ 
strated  the  possibility  that  at  least  part  of  the  present 
difficulties  with  gun  computational  techniques  arise  from 
inaccuracies  in  some  of  the  commonly  made  assumptions, 
i.e.,  zero  leakage  of  the  driver  gas  and  constant  projectile 
bore  friction. 

Future  increases  in  gas-gun  capabilities  will  probably 
be  brought  about  by  the  use  of  new  methods  for  increasing 
gun  performance.  The  most  promising  new  techniques  pre¬ 
sented  at  this  meeting  involve  preheating  the  driver  gas 
either  before  or  during  the  compression  stroke.  Both 
theoretical  and  experimental  results  show  that  heated  gas 
will  produce  significant  increases  in  model  velocities 
provided  that  initial  temperatures  above  600° K  can  bo 
achieved.  Preheated  gas  has  been  shown  also  to  reduce  peak 
acceleration  levels  required  to  reach  particular  velocities 
and  this  effect:  should  speed  the  trend  Coward  launching 
saboted  models  at  the  maximum  velocity-mass  capabilities 
of  gas  guns. 

The  theoretical  treatments  of  explosive  accelerators 
have  been  developed  to  the  point  where  the  potential  cap¬ 
ability  of  many  configurations  can  be  predicted.  This 
fact  has  led  to  very  rapid  development  of  explosive  ac¬ 
celerator  capability.  The  primary  emphasis  in  explosive 
accelerator  development  during  the  past  18  months  has  been 
placed  upon  the  development  of  techniques  for  launching  use¬ 
ful  pellets  for  terminal  ballistic  research.  The  most; 
striking  advances  reported  during  this  session  arc  the 
development  of  conical- liner  charges  that  generate  discrete 
particles.  Conical  liner  charges  have  the  advantage  that 
pellet  mass  and  velocity  may  be  adjusted  without  drastic 
changes  of  the  charge  geometry. 

Studies  were  conducted  during  the  past  18  months  to 
develop  traveling- charge  guns  and  electromagnetic  ac¬ 
celerators  into  effective  hypervelocity  accelerators. 
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Results  of  these  efforts  are  promising  but  further  work 
is  needed  to  make  either  device  operational.  The  electrical 
acceleration  of  thin  plastic  sheets  at  velocities  up  to 
9.5  km/sec  has  been  demonstrated.  A  constricted-bore 
velocity  augmentor  capable  of  substantially  increasing  the 
velocity  of  malleable  pellets  launched  from  light-gas  guns 
also  has  been  developed.  Both  of  these  techniques  are 
highly  specialized  but  useful  for  particular  applications. 

Although  no  significant  increases  htve  been  reported 
in  the  velocity  capability  of  accelerators,  the  maximum  vel¬ 
ocities  at  which  useful  terminal  ballistic  data  are  gathered 
have  been  substantially  increased  by  advances  in  projection 
techniques.  Further  large  increases  in  the  velocity  at 
which  terminal  ballistic  data  may  be  gathered  must  await 
advances  in  overall  accelerator  capability.  These  advances 
should  be  achieved  in  the  next  18  months. 
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